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5HVSRQVLYH ELRPHGLFDO PDWHULDOV VSDQ D SOHWKRUD RI DSSOLFDWLRQV LQ WKH
ELRPHGLFDO ILHOG IURP VWHQWV K\GURJHOV GHJUDGDEOH LPSODQWV WR GUXJ
GHOLYHU\V\VWHPVDQGDUHLQFRQVWDQWIXUWKHUGHYHORSPHQWWRJLYHSURSHUWLHV
WKDWXOWLPDWHO\LPSURYHWKHTXDOLW\RIOLIHDQGSUHYHQWGLVHDVH,QDQHIIRUWWR
GHYHORS FHOOLQWHUDFWLQJ FRQVWUXFWV ZH VRXJKW WR V\QWKHVL]H SRO\PHUV ZLWK
ELRUHVSRQVLYH DQG HYHQ ´OLIHOLNHµ SURSHUWLHV %\ H[SORLWLQJ OLYLQJ
SRO\PHUL]DWLRQ WHFKQLTXHV ZH DLP WR EXLOG VHOIDVVHPEOHG FDSVXOH
PLPLFNLQJ VWUXFWXUHV LH YHVLFOHV WKDW FDQ VHUYH DV SURWRW\SH FRS\FDWV RI
QDWXUDOFHOOPHPEUDQHV$OVRZHDLPWRHVWDEOLVKDSULPLWLYHFRPPXQLFDWLRQ
SODWIRUP RI WKH DUWLILFLDO VWUXFWXUHV ZLWK WKHLU QDWXUDO FRXQWHUSDUWV LH
EDFWHULDO FHOOV E\ XVLQJ WKH ´JO\FRFRGHµ DV D PHDQV RI ELRFKHPLFDO
ODQJXDJH
)LUVWPRGHOWKHUPRUHVSRQVLYHSRO\PHUVDUHXWLOL]HGWKDWEHDUFDUERK\GUDWH
PRLHWLHV WR VWXG\ SRO\PHUFHOO LQWHUDFWLRQV YLD PXOWLYDOHQF\ DQG OLJDQG
UHFHSWRU LQWHUDFWLRQV 7KH JO\FRSRO\PHUV ZHUH IRXQG WR LQGXFH EDFWHULDO
DJJUHJDWLRQ RI D VSHFLILF EDFWHULDO VWUDLQ WKURXJK VSHFLILF PROHFXODU
UHFRJQLWLRQHIIHFWV
,Q FKDSWHU WKUHH EORFNFRSRO\PHU YHVLFOHV DUH V\QWKHVL]HG WKDW FRPSULVH




&KDSWHU IRXU H[SORUHV WKH FRPPXQLFDWLRQ QHWZRUNV HPSOR\HG E\ EDFWHULDO
FHOOV WKDW LV TXRUXP VHQVLQJ DQGVLPSOH SRO\PHUVDUH WHVWHG DV PROHFXODU
TXRUXP TXHQFKHUV WKDW PRGXODWH WKH TXRUXP VHQVLQJ UHVSRQVH RIEDFWHULD
WKURXJKDXWRLQGXFHUVVFDYHQJLQJ
8OWLPDWHO\ZHVHHNIRUDQLQWHJUDWHGSODWIRUPWRVHWXSDQ´LPLWDWLRQJDPHµ
ZKHUH DUWLILFLDO HQWLWLHV VXFK DV WKH SRO\PHU YHVLFOHV FDQ DFW DV SURWRW\SH
















5 UDGLFDO ZLWK WKH SHUVLVWHQW RQH < DQG WKH VHOIWHUPLQDWLRQ RI WKH










'LVQH\ HW DO 5LJKW YLVXDOL]DWLRQ RI ( FROL VWUDLQV DIWHU LQFXEDWLRQ ZLWK
PDQQRV\ODWHG SRO\PHU D PXWDQW VWUDLQ OHIW DQG PDQQRVHELQGLQJ
VWUDLQULJKW

)LJXUH  $PSKLSKLOLF SRO\SKHQ\OHQHV SUHSDUHG E\ .LP HW DO IRU









)LJXUH  6XUIDFH PRGLILFDWLRQ RI EDFWHULD WKURXJK PXOWLYDOHQW
LQWHUDFWLRQV ZLWK YDQFRP\FLQIXQFWLRQDOLVHG V\QWKHWLF SRO\PHUV
,QFRUSRUDWLRQRIDIOXRUHVFHQWDQWLJHQRQWKHV\QWKHWLFSRO\PHUSURPRWHV
DQWLERG\ UHFRJQLWLRQ DQG VXEVHTXHQW RSVRQLVDWLRQ DQG SKDJRF\WRVLV RI
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LQ'2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PRQRPHUV DIWHU SRO\PHUL]DWLRQ DQG WKH GHJUHH RI VXJDU GHULYDWLVDWLRQ IRU
3 $VVLJQPHQWV RI FKDUDFWHULVWLF UHVRQDQFHV ZHUH EDVHG RQ DQDORJRXV
VSHFWUDOGDWDIRUJO\FRSRO\PHUV>@
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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)LJXUH  7KH WKUHH FRPSRQHQW DVVD\ FRPSULVLQJ $5 3%$ DQG GLRO
PRLHWLHVRIWKHSRO\PHUSHQGDQWJOXFRVH
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WKH ULJKW YLVXDO LQVSHFWLRQ RI GLRO ELQGLQJ DQG UHOHDVH EHORZ DQG DERYH
/&67
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IOXRUHVFHQFH PD[LPD RI DOL]DULQ UHG $5 DW  QP ZLWK DQG ZLWKRXW
WKHUPRUHVSRQVLYH SRO\PHUV RYHU DVVD\V RI YDU\LQJ WHPSHUDWXUH $5
H[FLWDWLRQHQHUJ\QP²3%$ SKHQ\OERURQLFDFLG

)LJXUH  6FKHPDWLF VKRZLQJ WKH FRPSOH[ IRUPDWLRQ EHWZHHQ WKH
WHWUDPHULFOHFWLQZLWKWKHSRO\PHUERXQGOLJDQGWKDWLVJOXFRVH
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)LJXUH  4XDQWLWDWLYH HVWLPDWLRQ RI SURWHLQ ´VFDYHQJLQJµ E\ SRO\PHUV
3DQG3
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DQG SRO\PHUV 3 DQG 3 $GGLWLRQDO FRQWURO DVVD\V ZLWK SUHFXUVRU












)LJXUH  + 105 DOORZV GHWHUPLQDWLRQ RI 0Q YDOXHV IRU 3 DQG LWV






























)LJXUH  ,QWHUDFWLRQ RI JO\FRSRO\PHUV ZLWK ),7&&RQ $ ,PDJHV D E
GHSLFW 3 DQG 3 UHVSHFWLYHO\ LQ SKDVH FRQWUDVW VKRZLQJ WKH UHODWLYH
VL]HVRI WKHYHVLFOHVZKLOHFGGHSLFW WKHVDPHVWUXFWXUHV LQFRQIRFDOPRGH
ZLWKJUHHQIOXRUHVFHQFHLQGLFDWLYHRI),7&&RQ$VFDOHEDUVǍP





FRQWUDVW E JUHHQ YHVLFOHV LQ IOXRUHVFHQFH PRGH LQGLFDWLYH RI ),7&&RQ $
DFFRPPRGDWLRQ RQ WKH FRURQDH DQG F GLPLQLVKLQJ RI JUHHQ FRORXU GXH WR
DGGLWLRQRIJOXFRVHDQGGLVVRFLDWLRQRI WKHSRO\PHUERXQG OHFWLQ VFDOHLV
ǍP

)LJXUH  $VVRFLDWLRQ RI YHVLFOHV ZLWK EDFWHULD /DUJH ! PP 3
YHVLFOHV ELQG EXW GR QRW DJJUHJDWH ZLWK ( FROL 0*S*)3 DV VKRZQ LQ
LPDJHV DF LQ IOXRUHVFHQFH PRGH G QR ELQGLQJ RI ( FROL 7RS  WR 3
YHVLFOHVLVREVHUYHGLQSKDVHFRQWUDVWPRGH

)LJXUH  3RO\PHUJOXFRVH FRPSHWLWLRQ DVVD\ 3²( FROL DJJUHJDWHV
EHIRUHDDQGDIWHUDGGLWLRQRIEFDQGP0JOXFRVHG

)LJXUH  0ROHFXODU WUDQVSRUW IURP 3 YHVLFOHV WR ( FROL ,PDJH D
VKRZVYHVLFOHVDQGFHOOVLQSKDVHFRQWUDVWPRGHEVKRZVWKHVDPHFHOOVLQ
IOXRUHVFHQFH PRGH EDFWHULD IOXRUHVFH JUHHQ *)3 DQG YHVLFOHV FRQWDLQLQJ
HWKLGLXP EURPLGH IOXRUHVFH RUDQJHUHG ,PDJH F VKRZV WKH VDPH YHVLFOH²
FHOOSDUWQHUVDIWHUPLQZLWKEDFWHULDQRZIOXRUHVFLQJRUDQJHUHGRZLQJWR

















)LJXUH  9LEULR KDUYH\L TXRUXP VHQVLQJ QHWZRUN FRPSULVHG E\ WKUHH
DXWRLQGXFHUV&$,+$,DQG$,>@

)LJXUH  7KH $, RULJLQDWHV IURP WKH SUHFXUVRU PROHFXOH '3' WKDW
H[LVWV LQ HTXLOLEULXP ZLWK RWKHU UHDUUDQJHG IRUPV WKDW DUH DOVR DFWLYH LQ












)LJXUH /&67 FRQWURO H[SHULPHQWZLWKRXW DGGLWLRQ RI VXJDU (IIHFW RI
S+RQWKH/&67RIWKHSRO\PHU

)LJXUH  &ORXG SRLQW FXUYHV RI 3RO\1,3$0FR$3%$ DW YDU\LQJ S+
DDQGLQSUHVHQFHRIJOXFRVHDQDORJXHVDWGLIIHUHQWS+DWDEDQGF

)LJXUH  6FKHPDWLF RI WKH DOL]DULQ DVVD\ GHYHORSHG WR SUREH WKH GLRO
FDSWXULQJUHOHDVHDWGLIIHUHQWWHPSHUDWXUHVDURXQG/&67

)LJXUH  $OL]DULQ IOXRUHVFHQFH VSHFWUD DW YDU\LQJ WHPSHUDWXUHV LQ























)LJXUH  *URZWK FXUYHV IRU 9 KDUYH\L %% ,QFUHDVHG 2' LV
REVHUYHGLQWKHFDVHRI*$/DVWKHODWWHUH[LVWVDVPLFHOODUGLVSHUVLRQ

)LJXUH  *URZWK FXUYHV IRU 9 KDUYH\L 00 ,QFUHDVHG 2' LV
REVHUYHGLQWKHFDVHRI*$/DVWKHODWWHUH[LVWVDVPLFHOODUGLVSHUVLRQ











)LJXUH 7KH ELRORJLFDO YHUVLRQ RI WKH 7XULQJ 7HVW 7KH LQWHUURJDWRU FHOOV
DWWHPSW WR GLVWLQJXLVK RWKHU FHOOV RI WKHLU RZQ NLQG DQG DUWLILFLDO FKHPLFDO






















5HVSRQVLYH ELRPHGLFDO PDWHULDOV VSDQ D SOHWKRUD RI DSSOLFDWLRQV LQ WKH
ELRPHGLFDO ILHOG DQG DUH LQ FRQVWDQW IXUWKHU GHYHORSPHQW WR JLYH
SURSHUWLHVWKDWXOWLPDWHO\LPSURYHWKHTXDOLW\RIOLIHDQGSUHYHQWGLVHDVH
>@3RO\PHUVDUHXVHGLQVWHQWVK\GURJHOVGHJUDGDEOHLPSODQWVDQGLQ
QRQVWUXFWXUDO ELRPDWHULDOV VXFK DV GUXJ GHOLYHU\ V\VWHPV 7KHUH LV QRZ
DQLQFUHDVLQJIRFXVRQPDWHULDOVGHVLJQDWWKHPROHFXODUOHYHOLQRUGHUWKDW
QHZSRO\PHUVFDQEHGHVLJQHGWRIXQFWLRQLQDELRPLPHWLFZD\WDEOH,
)RU H[DPSOH SRO\PHUV DUH GHVLJQHG IRU VSHFLILF LQWHUDFWLRQV ZLWK
ELRORJLFDOVXEVWUDWHVVRWKDWELRORJLFDOIXQFWLRQFDQEHSXWXQGHUH[WHUQDO
FRQWURO 7KHUH LV QRZ D UHDO QHHG WR GHYHORS XQGHUVWDQGLQJ RI KRZ
PDPPDOLDQEDFWHULDO FHOOV LQWHUDFW QRW RQO\ DW WKH FHOOWRFHOO
FRPPXQLFDWLRQOHYHOEXWDOVRDWWKHFHOOVXEVWUDWHLQWHUIDFH7KHVXEVWUDWH
LQ WKLV FRQWH[W FDQ EH DQ\ VXUIDFH RI LQWHUHVW WKDW LV DQ LPSODQW D QRQ
GHJUDGDEOH ELRPDWHULDO RU D FHOOFXOWXUH VXUIDFH $Q H[DPSOH RI FHOO
VXEVWUDWHLQWHUIDFHFRQWUROLVSURYLGHGE\FHOOUHVSRQVLYHK\GURJHOVZKLFK
KDYH EHHQ GHVLJQHG WKDW UHVSRQGGHJUDGH SURSRUWLRQDOO\ WR FHOO
SUROLIHUDWLRQGXH WR WKHVHOHFWLRQRI VSHFLILFFKHPLFDO OLJDQGVZKLFKDOWHU
WKH PDWUL[ DV FHOOV JURZ >@ 2WKHU ELRORJLFDO UHVSRQVHV WKDW PRGLI\ D
V\QWKHWLF VXEVWUDWH LQFOXGH HQ]\PH DFWLYLW\ DQG HQ]\PH UHVSRQVLYH
K\GURJHOV KDYH EHHQ V\QWKHVL]HG >@ WKDW GHJUDGH RQO\ RQ WKH VHOHFWHG






RWKHU ELRDFWLYH VXEVWDQFHV VXFK DV SURWHLQV DUH DOVR XQGHU LQWHQVH
LQYHVWLJDWLRQ 7KHUH DUH DOUHDG\ VRPH SKDUPDFHXWLFDO SURGXFWV LQ ZKLFK
SRO\PHUV DUH DQ HVVHQWLDO FRPSRQHQW RI WKH ILQDO IRUPXODWLRQ VXFK DV
SRO\HWK\OHQH JO\FRO 3(* FRQWDLQLQJ GUXJV 5HVHDUFKHUV KDYH VWDUWHG WR
IRFXV RQ OLJDQGUHFHSWRU LQWHUDFWLRQV WKDW RFFXU LQ ELRORJ\ DQG WU\ WR
HPEHG WKHVH JURXSLQJV LQ DUWLILFLDO HQWLWLHV WR LQGXFH ELRPLPHWLF
EHKDYLRXU EXW ZLWKRXW WKH GUDZEDFNV RI SXUHO\ QDWXUDO UHFRJQLWLRQ













































E\ 3URIHVVRU 6 0DQQ >@ D QDQRVFDOH SHUSVHFWLYH RI PROHFXODU SURFHVVHV
IXQGDPHQWDO LQ OLIH LV JLYHQ 7KH QHDUSHUIHFW UHDOLVDWLRQ RI IXQFWLRQ LQ
QDWXUDO ELRPROHFXOHV LH SURWHLQV KDV QRW VXUSULVLQJO\ OHG WR LQWHQVH
HIIRUWV IURP V\QWKHWLF FKHPLVWV DQG PROHFXODU ELRORJLVWV LQ RUGHU WR
DFKLHYH ELRPDFURPROHFXOHOLNH UREXVWQHVV DQG XQLIRUPLW\ LQ V\QWKHWLF
PDWHULDOV

5HFHQW SURJUHVV LQ SRO\PHU FKHPLVWU\ DQG WHFKQRORJ\ LV QRZ HQDEOLQJ
V\QWKHWLF PDFURPROHFXOHV WR UHVHPEOH FRPSOH[ ELRSRO\PHUV 7KHUH DUH
PHWKRGVGHYHORSHGWKDWDOORZIRUFRPSOH[DUFKLWHFWXUHVDQGWRSRORJLHVWR
EH PDGH LQ D UREXVW DQG KLJKO\ UHSURGXFLEOH PDQQHU WKDW ZHUH QRW
SRVVLEOH WR V\QWKHVL]H ZLWK FRQYHQWLRQDO SRO\PHUL]DWLRQ PHWKRGV $OVR
IXQFWLRQDOL]DWLRQ RI WKHVH PDWHULDOV LV SRVVLEOH E\ FRXSOLQJ RQ QDWXUDO
OLJDQGUHFHSWRU V\VWHPV OHDGLQJ WR KLJKO\ DFWLYH ELRFRQMXJDWHV &KHPLFDO
PRLHWLHV WKDW KDYH EHHQ WKH IRFXV RI UHVHDUFKHUV LQFOXGH FDUERK\GUDWHV
NQRZQIRUWKHLUELRFKHPLFDOYHUVDWLOLW\LQVWHUHRVHOHFWLYLW\QXFOHLFDFLGV
KLJK VSHFLILFLW\ GXH WR EDVH FRPSOHPHQWDULW\ SURWHLQV DQG SHSWLGHV
VWURQJDQGKLJKO\VSHFLILFOLJDQGUHFHSWRUPRWLIV

7KH QHHG IRU ZHOOGHILQHG SRO\PHUV KRZHYHU GRHV QRW RFFXU GXH WR DQ
LQWHOOHFWXDO FKDOOHQJH EXW UDWKHU IURP DFWXDO FOLQLFDO QHHGV )RU H[DPSOH
WKHUH DUH DOUHDG\ SURWHLQEDVHG GUXJV LQ WKH PDUNHW ZKHUH SRO\PHUV DUH
XVHG LQ WKH ILQDO GUXJ IRUPXODWLRQ LQ WKH IRUP RI SRO\PHUSURWHLQ
FRQMXJDWHV RU SURWHLQ FKLPHUDV DV D SURWHFWLYH PHDQV WR LQFUHDVH WKH
UHJXODWLRQ RI WKH GUXJ LQ WKH EORRGVWUHDP E\ UHGXFLQJ WKH GHQDWXUDWLRQ
UDWH ,Q RUGHU WR REWDLQ D ZHOOFKDUDFWHUL]HG SKDUPDFRORJLFDO SURILOH RI
WKHVHGUXJVZHOOGHILQHGDUFKLWHFWXUHDQGKRPRJHQHLW\RI WKHSRO\PHUV




GUXJIRUPXODWLRQ FRXOG FDXVH VLGH HIIHFWVRU UHGXFH WKH SKDUPDFRORJLFDO
SRWHQF\ ,W LV DOVR FUXFLDO WR KDYH KRPRJHQHRXV SRO\PHU PDWHULDOV ZKHQ
WKHODWWHUDUHXVHGLQGUXJGHOLYHU\V\VWHPV)RUH[DPSOHSRO\PHUEDVHG
PLFHOODUGUXJGHOLYHU\V\VWHPV''6PXVWKDYHQHDUO\PRQRGLVSHUVHVL]H
GLVWULEXWLRQV LQ RUGHU WR DFKLHYH DFFXUDWH GRVDJH IRUPXODWLRQ IRU GUXJ
SRWHQF\ PD[LPL]DWLRQ )LQDOO\ LQ WKH FDVH RI GHJUDGDEOH
K\GURJHOVLPSODQWV D XQLIRUP SRO\PHULF PHVK ZLOO SURYLGH FRQWUROOHG
GHJUDGDWLRQ SURILOHV ZKLFK ZLOO DOVR LQIOXHQFH WKH GUXJ UHOHDVH SURILOHV
IURPWKHSRO\PHUPDWULFHV

,W LV WKHUHIRUH FULWLFDO WR GHYHORS PHWKRGV WR SURGXFH XQLIRUP DQG ZHOO
GHILQHG SRO\PHUV WKDW FDQ EH XVHG LQ WKH ELRPHGLFDO ILHOG 0RGHUQ
SRO\PHUL]DWLRQ WHFKQLTXHV WKDW KDYH EHHQ GHYHORSHG LQ WKH V ZLOO EH
EULHIO\GLVFXVVHGLQWKHIROORZLQJSDUDJUDSKV,WZLOOEHVKRZQWKDWWKHVH
PHWKRGV DOORZ IRU VXSHULRU FRQWURO RYHU WRSRORJ\ DQG DUFKLWHFWXUH RQ









$ WUDQVLWLRQ PHWDO VXFK DV FRSSHU LV UHTXLUHG WR JHQHUDWH UDGLFDOV YLD
UHGR[ UHDFWLRQV 7KH WUDQVLWLRQ PHWDO H[LVWV DV D FRPSOH[ 0WQ</LJDQG
ZLWK<EHLQJDOLJDQGRUWKHFRXQWHULRQ7KHWUDQVLWLRQPHWDOLVSURQHWRD
RQHHOHFWURQ R[LGDWLRQ UHDFWLRQ ZKLFK DEVWUDFWV D KDO
&KDSWHU  ,QWURGXFWLRQ
 
GRUPDQW VSHFLHV FRPSRXQGV VXFK DV 5; 7KLV UHGR[ UHDFWLRQ JHQHUDWHV
UDGLFDOV5WKDWLQWXUQDWWDFNWKHPRQRPHUVDQGLQGXFHSRO\PHUL]DWLRQ
LQ D NQRZQ UDGLFDO IDVKLRQ ILJXUH   7KH HTXLOLEULXP FRQVWDQW .HT LV
GHWHUPLQHGIURPWKHUDWLRRI WKHDFWLYDWLRQ NDFW WRGHDFWLYDWLRQFRQVWDQW
NGHDFW .HT PXVW DOZD\VEH RSWLPL]HG DV D ORZHTXLOLEULXP FRQVWDQWZLOO
OHDG WR D VORZ SRO\PHUL]DWLRQ SURFHVV ZKHUHDV KLJK .HT UHVXOWV LQ IDVW
WHUPLQDWLRQ SURFHVV DQG XOWLPDWHO\ ORVV RI FRQWURO GXULQJ WKH SRO\PHU
JURZWK 7KH UDWH RI SRO\PHUL]DWLRQ LV PXFK VORZHU WKDQ WKH
DFWLYDWLRQGHDFWLYDWLRQSURFHVVDQGKHQFH WKHFRQFHQWUDWLRQRI WKHDFWLYH
UDGLFDOV UHPDLQV ORZ FRPSDUHG WR WKH 5; UDGLFDOV $OVR WKH IDVW
GHDFWLYDWLRQUDWHZLOOOHDGWRSRO\PHUVRIORZSRO\GLVSHUVLW\






0RVW YLQ\O EDVHG PRQRPHUV FDQ EH SRO\PHUL]HG E\ $753 HVSHFLDOO\
VW\UHQHV DFU\ODWHV DQG PHWKDFU\ODWHV DQG WR OHVVHU H[WHQW
PHWKDFU\ODPLGHV DOWKRXJK WKHVH DUH NQRZQ WR GLVSURSRUWLRQDWH WKH
FDWDO\VW FRPSOH[ >@ 7KH PROHFXODU ZHLJKW RI WKH SRO\PHUV LV
GHWHUPLQHGE\WKHFRQFHQWUDWLRQRIWKHLQLWLDWRU5;ZLWK;EHLQJDKDOLGH
VXFK DV &O RU %U $W WKH FRUUHFW FRQGLWLRQV WKH FRQFHQWUDWLRQ RI WKH
SRO\PHUFKDLQVVKRXOGEHHTXDOWRWKHLQLWLDOFRQFHQWUDWLRQRIWKHLQLWLDWRU
LQ WKHUHDFWLRQPL[WXUH7KHUHIRUH VLQFH$753 LVDOLYLQJSURFHVVZHFDQ








3HUKDSV WKH PRVW LPSRUWDQW HOHPHQW RI WKH $753 SURFHVV LV WKH FDWDO\VW
7KHODWWHUPXVWEHDWUDQVLWLRQPHWDOZKRVHR[LGDWLRQVWDWHVVKRXOGGLIIHU
E\ RQH HOHFWURQ RQO\ &RSSHU VHHPV WR EH PRVW VXLWDEOH DQG LV JHQHUDOO\
WKH FDWDO\VW RI FKRLFH IRU $753 EXW RWKHU PHWDOV KDYH EHHQ XVHG OHVV
VXFFHVVIXOO\ LH LURQ DQG QLFNHO 7KH OLJDQG DOVR SOD\V D SLYRWDO UROH DV
WKH FRUUHFW FKRLFH ZLOO HQVXUH WKH IDVW LQLWLDWLRQ VWHS UHTXLUHG IRU
KRPRJHQHRXV SRO\PHU JURZWK *HQHUDOO\ D ORZ UHGR[ SRWHQWLDO LV
UHTXLUHGWRHQVXUHIDVWDQGHIILFLHQWLQLWLDWLRQILUVWVWHS>@

 5DGLFDO DGGLWLRQIUDJPHQWDWLRQ WHUPLQDWLRQ SRO\PHUL]DWLRQ
5$)7
6LPLODUO\ WR $753 5$)7 SRO\PHUL]DWLRQ  SURGXFHV ZHOOGHILQHG
SRO\PHUVRIQDUURZSRO\GLVSHUVLW\DQGFRQWUROOHGPROHFXODUZHLJKW >@
5$)7 LV FRQGXFWHG XQGHU VLPLODU FRQGLWLRQV ZLWK FRQYHQWLRQDO IUHH
UDGLFDO SRO\PHUL]DWLRQ ZLWK WKH H[WUD DGGLWLRQ RI D FKDLQ WUDQVIHU DJHQW
7KHHTXLOLEULDIRUPHGLQWKH5$)7SURFHVVDUHJLYHQEHORZILJXUH
,QLWLDWLRQ






































)LUVW UDGLFDOV DUH JHQHUDWHG E\ WKH LQLWLDWRU VLPLODUO\ WR D FRQYHQWLRQDO
UDGLFDO SURFHVV 7KHQ WKH UDGLFDOV DUH DGGHG WR WKH WUDQVIHU DJHQW DQG
KRPRO\WLFIUDJPHQWDWLRQRIWKH5JURXSRFFXUV7KH5LVFDSDEOHWR
UHLQLWLDWHE\WKHIRUPDWLRQRIDQHZSURSDJDWLQJUDGLFDO3P,QHVVHQFHDW
HDFK UDGLFDO DGGLWLRQ WR WKH LQLWLDO WUDQVIHU DJHQW D QHZ PDFURWUDQIHU
DJHQWLVSURGXFHGDWWKHSURSDJDWLRQVWHSDQGKHQFHHTXDOSUREDELOLW\RI
DOO SRO\PHU FKDLQV WR JURZ LV HVWDEOLVKHG %RWK DGGLWLRQ DQG
IUDJPHQWDWLRQ VWHSV VKRXOG EH IDVW HQRXJK DQG RSWLPL]HG WR DFKLHYH
HIILFLHQWUHLQLWLDWLRQ$WWKHHQGRIWKHSRO\PHUL]DWLRQDOPRVWDOOSRO\PHU
FKDLQV DUH WHUPLQDWHG ZLWK WKH WKLRFDUERQ\OWKLR WUDQVIHU DJHQW ZKLFK
DOORZV IRU V\QWKHVLV RI EORFN FRSRO\PHU V\QWKHVLV HYHQ LQ RQHVWHS
V\QWKHVLV DVVXPLQJ WKDW DOO LQLWLDO PRQRPHUV DUH FRQVXPHG EHIRUH
DGGLWLRQRIWKHVHFRQG7HUPLQDWLRQDOVRRFFXUVE\FKDLQFKDLQFRXSOLQJ
EXW WR D OHVVHU H[WHQW WKDQ UDGLFDO SRO\PHUL]DWLRQ &DUHIXO FRQVLGHUDWLRQ
VKRXOGEHSDLGLQ WKHGHVLJQRI WKH5$)7DJHQWVDVHDFKPRQRPHUKDVD
GLIIHUHQW SURSDJDWLQJ FDSDFLW\ 7KH HIIHFW RI D 5$)7 DJHQW LV JUHDWO\
GHWHUPLQHGE\ WKH=DQG5JURXSV*HQHUDOO\GLWKLREHQ]RDWHVDQGRWKHU
DURPDWLF GLWKLRHVWHUV DURPDWLF GLWKLRFDUEDPDWHV WULWKLRFDUERQDWHV DUH
UHJDUGHGDVYHU\HIILFLHQW5$)7DJHQWVZKHUHDVIRU5JURXSVF\DQRDON\O
RU FXP\O PRLHWLHV DUH WKH PRVW FRPPRQ SDUWLFXODUO\ IRU PHWKDFU\ODWH
EDVHGPRQRPHUVGXHWRWKHLUJRRGFDSWRGDWLYHFKDUDFWHU>@

7KH OLYLQJ SRO\PHUL]DWLRQV EULHIO\ GHVFULEHG DERYH DUH VXEMHFW WR WKH
SHUVLVWHQW UDGLFDO HIIHFW ZKLFK LV EULHIO\ GHVFULEHG LQ WKH IROORZLQJ
SDUDJUDSKV 7KH YHUVDWLOLW\ RI WKHVH PHWKRGV DOORZV IRU FRPSOH[
DUFKLWHFWXUHV WREHDFFHVVHG WKDWDUHQRWSRVVLEOHZLWKRWKHUFRQYHQWLRQDO
SRO\PHUL]DWLRQ PHWKRGV 0RVW LPSRUWDQWO\ WKHVH DGYDQFHG SRO\PHU







/HW XV FRQVLGHU WZR VRXUFHV WKDW JHQHUDWH IUHH UDGLFDOV 5 ZKLFK LV D
WUDQVLHQWUDGLFDODQG<ZKLFKLVDSHUVLVWHQWRQH,IWKHUDGLFDOVDUHIRUPHG
VLPXOWDQHRXVO\ DQG DW WKH VDPH UDWLR RQH ZRXOG H[SHFW WKDW GXH WR WKH
UDGLFDOUDGLFDOUHDFWLRQVWKHSURGXFWV5<DQG55ZLOOEHIRUPHGDWD
UDWLR ILJXUH D +RZHYHU ZKDW ZH REVHUYH LQ UHDOLW\ WKH 5< LV WKH
GRPLQDQW SURGXFW 7KLV LV KDSSHQLQJ EHFDXVH WKH WUDQVLHQW UDGLFDOV






5 UDGLFDO ZLWK WKH SHUVLVWHQW RQH < DQG WKH VHOIWHUPLQDWLRQ RI WKH
IRUPHUDQGE'LVVRFLDWLRQRI WKH5< WRIRUPWKHUDGLFDOVSHFLHVDQG WKH
SRVVLEOHUHDFWLRQVRIWKHODWWHU>@

,Q DQRWKHU VLWXDWLRQZKHUH WKHUDGLFDOV DUH IRUPHGE\ WKH GLVVRFLDWLRQ RI
WKH5<SUHFXUVRUFRQVLGHUDOORWKHUFRQGLWLRQVDVEHIRUHWKHOLIHWLPHRI
WKH5<ZLOOEHFRQVLGHUDEOHKLJKHUDVLWLVSHUPDQHQWO\UHJHQHUDWHGIURP
WKH FURVVUHDFWLRQ ILJXUH E 7KHUHIRUH LW LV WKH SUHVHQFH RI WKH
SHUVLVWHQW UDGLFDOV WKDW OHDG WR WKH LQFUHDVHG IRUPDWLRQSURORQJDWLRQ RI
WKH5<SURGXFWDVLQUHDOLW\WKHVHOIWHUPLQDWLRQRIWKHWUDQVLHQWUDGLFDOV
QHYHU VWRSV &RQVLGHULQJ WKH FDVH RQH FRXOG DGG D VXEVWDQFH VXFK DV D
PRQRPHU WKDW FRXOG OHDG WR IRUPDWLRQ RI WKH 50 DW HDFK GLVVRFLDWLRQ
F\FOH RI WKH 5< SUHFXUVRU 7KLV LV WKH EDVLF FRQFHSW RI WKH HIIHFW RI WKH
SHUVLVWHQWUDGLFDOVDQGH[SODLQVWKHUHDVRQZHREWDLQWKHGRUPDQWVSHFLHV







PHWKRGV LH IUHH UDGLFDO SRO\PHUL]DWLRQ 7KH OLYLQJ QDWXUH RI WKHVH
SRO\PHUL]DWLRQV DOORZV IRU VHTXHQWLDO DGGLWLRQ RI GLIIHUHQW PRQRPHUV
HYHQ LQ RQHSRW UHDFWLRQ WR REWDLQ EORFNFRSRO\PHUV RI OLQHDU VWDU RU
FRPEOLNH WRSRORJLHV RI ORZ SRO\GLVSHUVLW\ $OVR WKH SRO\PHU FKDLQV
SURGXFHG DUH WHUPLQDWHG ZLWK DFWLYH FKHPLFDO JURXSV WKDW FDQ HLWKHU EH
XVHG WR IXUWKHU JURZ PRUH EORFNV RU WR IXQFWRQDOL]H ZLWK RWKHU ELR
FKHPLFDO OLJDQGV WR REWDLQ VHPLWHOHFKHOLF SRO\PHUV ILJXUH  ,Q
DGGLWLRQ FRQWUROOHG SRO\PHUL]DWLRQ RI ZHOOGHILQHG QHWZRUNV DOORZV IRU


















K\SHUEUDQFKHG PDWHULDOV DW FRQVLGHUDEO\ ORZHU FRVWV FRPSDUHG WR
GHQGULPHUV ZKLFK DUH NQRZQ WR EH ODERULRXV DQG H[SHQVLYH WR SURGXFH
+\SHUEUDQFKHG SRO\PHUV H[KLELW ORZHU K\GURG\QDPLF UDGLL DQG FDQ
DFFRPPRGDWHODUJHDPRXQWVRIELRDFWLYHVXEVWDQFHVLHGUXJPROHFXOHV
LQ WKHLU GHQGULWLF QHWZRUN DQG KHQFH DUH VXSHULRU FDQGLGDWHV IRU GUXJ
GHOLYHU\DSSOLFDWLRQV

$V DQ H[DPSOH RI WKH VRSKLVWLFDWLRQ RI QHZ SRO\PHU V\VWHPV ZH ILUVW




3RO\PHULF PDWHULDOV FDQ EH XVHG WR LQWHUDFW ZLWK PLFURRUJDQLVPV LQ D
YDULHW\ RI DQDO\WLFDO FRQWH[WV DQG WKHVH DUH JURZLQJ LQ LPSRUWDQFH IRU
PHGLFDO IRRG DQG GHIHQFH DSSOLFDWLRQV 7KH UHDVRQV IRU XVLQJ SRO\PHU
EDVHG V\VWHPV LQ PLFURRUJDQLVP VHQVLQJ DQG GHWHFWLRQ DUH PDQ\IROG
EXW SULPDULO\ EHFDXVH WKH SRO\PHU ¶SODWIRUP· LV VR YDULHG DQG WKXV WKH
IXQFWLRQDOLW\ FDQ EH DGDSWHG DV UHTXLUHG :LWK UHFHQW DGYDQFHV LQ




1HZ GHWHFWLRQ PHWKRGV DUH EHLQJ GHYHORSHG WKDW FDQ EH XVHG LQ
FRQMXQFWLRQ ZLWK WKH QRYHO SRO\PHU FKHPLVWULHV IRU DSSOLFDWLRQ WR WKH
DQDO\VLVRIPDQ\RWKHUPLFURRUJDQLVPVYLUXVHV\HDVWVIXQJL,QDOOFDVHV
KRZHYHU WKHUH LV WKH QHHG WR GHYHORS PDWHULDOV WKDW FDQ LQWHUDFW
VHOHFWLYHO\ ZLWK WKH DQDO\WH WR HQVXUH D FRUUHFW VLJQDO IUHH IURP IDOVH
SRVLWLYHDQGQHJDWLYHUHVSRQVHV6\QWKHWLFDQGPRGLILHGQDWXUDOSRO\PHUV




7KH FRPELQDWLRQ RI PXOWLSOH ZHDN LQWHUDFWLRQV RI LQGLYLGXDO VXJDUV WR























6WDSK\ORFRFFXVDXUHXV 1WHUPLQDO IUDJPHQW  N'D RI ILEURQHFWLQ
)Q . )LEURQHFWLQ ERQH VLDORSURWHLQ %63
VPDOO FD  N'D LQWHJULQELQGLQJ 5*'
FRQWDLQLQJERQHPDWUL[JO\FRSURWHLQFROODJHQRI









7KLV SKHQRPHQRQ KDV EHHQ H[SORLWHG E\ 'LVQH\ HW DO WR SURGXFH OHFWLQ
DQG EDFWHULDUHFRJQLWLRQ PDWHULDOV >@ 6SHFLILFDOO\ ZDWHU VROXEOH
IOXRUHVFHQW JO\FRSRO\PHUV SUHSDUHG IURP SRO\SSKHQ\OHQH HWK\OHQH
ZHUHGHULYDWLVHGZLWKFDUERK\GUDWHPRLHWLHVXVLQJDSRVWSRO\PHUL]DWLRQ
PHWKRG &RXSOLQJ RI VXJDU VSHFLHV ZLWK WKH SRO\PHU EDFNERQH ZDV






ZKHUHDV WKH JDODFWRV\ODWHG FRXQWHUSDUWV GLG QRW VKRZ DQ\ ELQGLQJ ZLWK
WKH OHFWLQ GHPRQVWUDWLQJ WKH VSHFLILF ELQGLQJFKDUDFWHU RI WKH SRO\PHUV
7KLV JURXS ZHUH DOVR DEOH WR REVHUYH EDFWHULD FOXVWHULQJ IROORZLQJ
SRO\PHUDGGLWLRQGXHWRWKHSRO\YDOHQWQDWXUHRIWKHELQGLQJSURFHVV7KH
LQWULQVLF IOXRUHVFHQW FKDUDFWHU RI WKH V\QWKHVL]HG JO\FRSRO\PHUV LQ
FRPELQDWLRQ ZLWK WKH EDFWHULD FOXVWHULQJ LQGXFWLRQ PDGH WKH EDFWHULD












'LVQH\ HW DO 5LJKW YLVXDOL]DWLRQ RI ( FROL VWUDLQV DIWHU LQFXEDWLRQ ZLWK





LQWHUDFW ZLWK &56V IRXQG RQ EDFWHULD > @ 7KH UHFRJQLWLRQ WDUJHWV
DGRSWHGIRUWKLVVWXG\ZHUHWKH)LP+VLWHVIRXQGRQWKHSLOLRIW\SH,(FROL
%\ UDWLRQDOO\ GHVLJQLQJ PDWHULDOV DW WKH PROHFXODU OHYHO LQ WKLV FDVH E\
HPEHGGLQJ LQIRUPDWLRQ IRU WKHLU VXSUDPROHFXODU VHOIDVVHPEO\ DW WKH
PDFURPROHFXODUVFDOHLQDSURWHLQOLNHIROGLQJIDVKLRQWKLVJURXSZHUHDEOH
WR REWDLQ PLFHOODU YHVLFXODU RU WXEXODU VWUXFWXUHV E\ VXEWO\ FKDQJLQJ WKH
FRPSRVLWLRQ RI WKH VWDUWLQJ PDWHULDOV ILJXUH  7KH URGFRLO DPSKLSKLOHV
XVHGLQWKLVVWXG\FRQVLVWHGRIWHWUDSSKHQ\OHQHRUGL>WHWUDSSKHQ\OHQH@
DV WKH K\GURSKRELF PRLHW\ DQG ROLJRHWK\OHQH R[LGH GHFRUDWHG ZLWK
PDQQRVH DV WKH K\GURSKLOLF VHJPHQWV 7KH FRH[LVWHQFH RI LQFRPSDWLEOH
K\GURSKRELFK\GURSKLOLF PRLHWLHV GURYH WKH VXSUDPROHFXODU VHOIDVVHPEO\
RI WKHVH PDWHULDOV LQ DTXHRXV HQYLURQPHQWV VXFK WKDW FDUERK\GUDWH
PROHFXOHVDWWKHRXWHUVXUIDFHZHUHH[SRVHGUHDG\WRELQGZLWK&56V7KHVH
PDWHULDOVZHUH IRXQGWR LQWHUDFWZLWK(FROL LQDVWURQJPXOWLYDOHQWPDQQHU
DQG WKH VXSUDPROHFXODU VWUXFWXUH ZDV DOVR IRXQG WR SOD\ D NH\UROH LQ WKH
ELQGLQJSURFHVV6SKHULFDOPLFHOODUVWUXFWXUHVFRXOGELQGPRUHVWURQJO\ZLWK
&RQ $ FRPSDUHG WR F\OLQGULFDO PLFHOOHV $OWKRXJK WKLV REVHUYDWLRQ KDV QRW
&KDSWHU  ,QWURGXFWLRQ
 
EHHQ IXOO\ XQGHUVWRRG WKH ILQGLQJV FOHDUO\ VLJQLI\ WKH LPSRUWDQFH RI




)LJXUH  $PSKLSKLOLF SRO\SKHQ\OHQHV SUHSDUHG E\ .LP HW DO IRU
LQWHUDFWLRQZLWK(FROL0LFHOODU DDQG WXEXODU EVWUXFWXUHV LQWHUDFWLQJ
ZLWKEDFWHULDOILPEULOV

7KH XELTXLW\ RI VXJDUUHFHSWRU LQWHUDFWLRQV LQ HXNDU\RWLF V\VWHPV LV
KDUQHVVHG E\ FHUWDLQ PLFURRUJDQLVPV WR LQYDGH KRVW GHIHQFHV 0DQQRVH
UHFHSWRUV DUH SUHVHQW RQ PDQ\ RWKHU FHOO VXUIDFHV DV ZHOO DV WKRVH RI
EDFWHULD DQG D FDVH RI SDUWLFXODU PHGLFDO UHOHYDQFH LV WKH SUHVHQFH RI
PDQQRVH UHFHSWRUV RQ PDFURSKDJHV 3DUN DQG FRZRUNHUV SUHSDUHG
VW\UHQHEDVHGSRO\PHUVGHFRUDWHGZLWKJOXFRVHRUPDQQRVHPRLHWLHVDQG
H[DPLQHG WKHLUELQGLQJ ZLWK PDFURSKDJH FHOO VXUIDFH PDQQRVH UHFHSWRUV
>@ 7KH SRO\PHUV ZHUH DOVR IOXRUHVFHQWO\ ODEHOOHG DQG WKH LQFUHDVHG




2QH LPSRUWDQW DVSHFW LQ ELRORJLFDO UHFRJQLWLRQ LV WKH SUHVHQWDWLRQ RI WKH
OLJDQG WR LWV UHFHSWRU DQG YLFH YHUVD 7KXV LW LV QRW DOZD\V VXIILFLHQW WR
WDJ VXJDU PRLHWLHV WR WKH VLGH FKDLQV RU WHUPLQL RI V\QWKHWLF SRO\PHUV LQ
RUGHU WR HIIHFW D ELRORJLFDO UHFRJQLWLRQ HYHQW ,Q DGGLWLRQ HIILFLHQW DQG
VHOHFWLYH FDUERK\GUDWH V\QWKHVLV UHPDLQV D FKDOOHQJH IRU WKH SUHSDUDWLYH
RUJDQLF FKHPLVW $V D FRQVHTXHQFH QHZ PHWKRGV IRU SURGXFLQJ
VHOHFWLYHO\ IXQFWLRQDOLVHG DQG FRUUHFWO\ DUFKLWHFWXUHG JO\FRSRO\PHUV
FRQWLQXH WR EH D IRFXV 0LXUD HW DO XVHG FKHPRHQ]\PDWLF PHWKRGV WR
SURGXFHJO\FRSRO\PHUVIURPQRQUHGXFLQJGLVDFFKDULGHV>@6SHFLILFDOO\
WKH\UHDFWHGGLYLQ\OVHEDFDWHZLWKWUHKDORVHRUJDODFWRVHW\SHWUHKDORVHLQ
WKH SUHVHQFH RI YDULRXV OLSDVHV 7KH HQ]\PDWLF HVWHULILFDWLRQ ZDV KLJKO\
FKHPRVHOHFWLYH PHGLDWLQJ HVWHU IRUPDWLRQ DW WKH *OF 2+ IRU WUHKDORVH
DQG*DO2+IRUJDODFWRVHW\SHWUHKDORVH7KHUHVXOWLQJPRQRPHUVZHUH
SRO\PHUL]HG ZLWK D +2DVFRUELF DFLG V\VWHP WR \LHOG YLQ\ODOFRKRO
EDFNERQH JO\FRSRO\PHUV /HFWLQLQKLELWLRQ DVVD\V VKRZHG VHOHFWLYH
ELQGLQJ &RQ $ DQG 5&$ IRU ǂ'*OF DQG ǃ'*DO VSHFLILFLW\
UHVSHFWLYHO\DQGLQFUHDVHGDIILQLW\FRPSDUHGWRPRQRYDOHQWFRXQWHUSDUWV
DWWULEXWHG WR SRO\YDOHQF\ 7KH PHWKRG LV DWWUDFWLYH GXH WR WKH KLJK
FKHPRVHOHFWLYLW\ DQG WKH HQYLURQPHQWDOO\ IULHQGO\ FKDUDFWHU RI HQ]\PH
EDVHG FKHPLVWU\ VLQFH HVWHULILFDWLRQ UHDFWLRQV FDQ DOVR EH FRPSOHWHG LQ
DTXHRXV V\VWHPV FKHPRHQ]\PDWLF PHWKRGV WKRXJK VWLOO ODFN KLJK \LHOG
FRQYHUVLRQV DQG KHQFH DUH QRW \HW VXLWDEOH IRU EXON SURGXFWLRQ RI
SRO\PHULFPDWHULDOV

$753 KDV VHYHUDO DGYDQWDJHV RYHU PRUH ´WUDGLWLRQDOµ SRO\PHUL]DWLRQ
PHWKRGV ZKHQ GHVLJQLQJ ELRORJLFDOO\ DFWLYH PDWHULDOV LW FDQ EH GRQH LQ
UHODWLYHO\PLOGFRQGLWLRQVDQGWKHOLYLQJFKDUDFWHUSURYLGHVYHUVDWLOLW\DQG
ILQH FRQWURO RI WKH GHVLJQHG SRO\PHUV ,Q DQ HIIRUW WR DFKLHYH FRQWURO RI
SRO\PHUVWUXFWXUHDQGELRORJLFDOIXQFWLRQDOLW\/DGPLUDOHWDOLQWURGXFHGD
QRYHOPHWKRGRISRO\PHUV\QWKHVLVEDVHGRQ$753DQG ¶FOLFN·FKHPLVWU\
>@ 6WDUWLQJ IURP WULPHWK\OVLO\O PHWKDFU\ODWH DQG XVLQJ &X%U 1Q
&KDSWHU  ,QWURGXFWLRQ
 
HWK\OS\ULG\OPHWKDQLPLQH DV WKH FDWDO\VW V\VWHP ORZ GLVSHUVLW\
SRO\PHUV ZHUH SURGXFHG 3', 4XDQWLWDWLYH GHSURWHFWLRQ RI WKH
SRO\PHUV ZLWK D 7%$)DFHWLF DFLG V\VWHP \LHOGHG DON\QH WHUPLQDWHG
SRO\PHUVUHDGLO\UHDFWLYHZLWKVXJDUD]LGHVYLDWULD]ROHEULGJHIRUPDWLRQ

+XLVJHQ F\FORDGGLWLRQ FRPELQHG ZLWK $753 KDV DOVR IRXQG
DSSOLFDWLRQ LQ YLUXVSRO\PHU FRQMXJDWHV >@ 0HWKDFU\OR[\ HWK\O
JOXFRVLGH ZDV SRO\PHULVHG XVLQJ DQ D]LGH IXQFWLRQDO LQLWLDWRU DQG WKH
UHVXOWLQJ D]LGHFDSSHG SRO\PHUV ZHUH FRQMXJDWHG WR D]LGHFRQWDLQLQJ
YLUXV SDUWLFOHV YLD D ELIXQFWLRQDO IOXRUHVFHLQ ZLWK DON\QH JURXSV 7KH
UHVXOWLQJ SDUWLFOHV ZHUH IRXQG WR KDYH KLJKHU K\GURG\QDPLF YROXPH
FRPSDUHG ZLWK WKH XQPRGLILHG RQHV DQG FRXOG DJJOXWLQDWH FRQ $ 7KH
DSSDUHQW DGYDQWDJH RI WKLV PHWKRG LV WKDW SRO\PHU OLEUDULHV RI YDU\LQJ
VXJDU VSHFLHV FDQ EH HDVLO\ FRQVWUXFWHG VLPSO\ E\ DGGLQJ DSSURSULDWH
UDWLRV RI VXJDUGHULYDWLYHV ´&OLFNµ FKHPLVWU\ LQ FRPELQDWLRQZLWK$753
SURYHG WR EH D SRZHUIXO PHWKRG WRZDUGV WDLORUHG PDGH V\QWKHVLV RI
FRPSOLFDWHGSRO\PHULFVWUXFWXUHVZLWKRXWVDFULILFLQJVWUXFWXUDOLQWHJULW\

&XLKXD ;XH HW DO HPSOR\HG 6X]XNL FRXSOLQJ UHDFWLRQV RU 6RQRJDVKLUD
SRO\PHUL]DWLRQ PHWKRGV WR V\QWKHVL]H IOXRUHQH EDVHG SRO\PHUV ZLWK
SHQGDQW EURPRDON\O JURXSV >@ 7KH\ H[SORUHG ERWK SUH DQG SRVW
SRO\PHUL]DWLRQ PHWKRGV WR DWWDFK JOXFRVH PRLHWLHV RQ WKH SRO\PHUV YLD
UHDFWLRQ RI WKH EURPRDON\O JURXS ZLWK WKLRǂ'JOXFRVH WHWUDDFHWDWH
+RZHYHUWKHPDWHULDOVV\QWKHVL]HGH[KLELWHGSRRUZDWHUVROXELOLW\XQOHVV
ROLJR HWK\OHQH JO\FRO KDG EHHQ XVHG DV D WHWKHULQJ VSDFHU EHWZHHQ WKH
SRO\PHUEDFNERQHDQG WKHFDUERK\GUDWHVSHFLHV$OWKRXJKWKHELRORJLFDO








:DQJ DQG .LLFN HPSOR\HG PHWKRGV IURP SURWHLQ HQJLQHHULQJ WR
V\QWKHVL]H D JO\FRSRO\PHU RI FRQWUROOHG VXSUDPROHFXODU FRQIRUPDWLRQ
>@ %DFWHULDO H[SUHVVLRQ RI WKH VHTXHQFH
$$$4$$4$4$$$($$$4$$4$4SURGXFHGDSURWHLQOLNHVWUXFWXUH
ZLWK WKH LQWULQVLF SURSHUW\ RI DGRSWLQJ D KHOLFDO FRQIRUPDWLRQ DW URRP
FRQGLWLRQV 7KH VWUXFWXUH ZDV SXUSRVHO\ HQULFKHG ZLWK JOXWDPLF DFLG
UHVLGXHV DW SUHGHILQHG SRVLWLRQV WKDW FRXOG IXUWKHU EH GHULYDWLVHG ZLWK
DPLQHFRQWDLQLQJ FDUERK\GUDWHV 7KH UHVXOWLQJ PRQRGLVSHUVH PDWHULDO
SUHVHUYHGLWVKHOLFDOFRQIRUPDWLRQDQGZKHQWHVWHGIRUELRORJLFDODFWLYLW\




WKDW LV DPLQR DFLGV DQG KHQFH LV SRWHQWLDOO\ PRUH ELRFRPSDWLEOH WKDQ
PDWHULDOV PDGH E\ V\QWKHWLF EXLOGLQJ EORFNV E ERWK ILQDO FRPSRVLWLRQ
DQG KLJKHU VWUXFWXUDO FRQIRUPDWLRQ FDQ EH SUHFLVHO\ FRQWUROOHG IURP WKH
YHU\ EHJLQQLQJ DQG F LW SURGXFHV QHDUO\ PRQRGLVSHUVH PDWHULDOV
FRPSDUHG ZLWK RWKHU FRQYHQWLRQDO WHFKQLTXHV LH IUHH UDGLFDO
SRO\PHUL]DWLRQ

5HODWHG VWXGLHV E\ WKH .LLFN JURXS LQYROYHG WKH V\QWKHVLV RI
JO\FRSRO\PHUV E\ XVLQJ FRPPHUFLDOO\ DYDLODEOH SRO\JOXWDPLF DFLG DV
EDFNERQHFRXSOHGZLWKJDODFWRV\ODPLQHGHULYDWLYHVRIGLIIHUHQWOLQNHUVL]H
>@7KHUHVHDUFKHUVH[SORUHGWKHUROHRIVXJDUVSDFLQJDORQJWKHSRO\PHU
EDFNERQH LQ UHVSHFW ZLWK WKH SRO\PHUV ELQGLQJ FDSDELOLW\ WR WKH FKROHUD
WR[LQDQGFRQFOXGHGLQDFFRUGDQFHZLWKSUHYLRXVVWXGLHVWKDWWKHVXJDU
FRQFHQWUDWLRQV RQ WKH SRO\PHU EDFNERQH UHTXLUHG IRU RSWLPXP ELQGLQJ
DUH QRW WKH KLJKHVW SRVVLEOH EXW UDWKHU WKRVH WKDW FRLQFLGH WR WKH SUHFLVH





RI VWXG\LQJ FDUERK\GUDWHOHFWLQ LQWHUDFWLRQV E\ YDU\LQJ SDUDPHWHUV VXFK




7KH VHOHFWLYLW\ RI WKH ELQGLQJ LQWHUDFWLRQV RI SRO\PHUV ZLWK EDFWHULD
UHTXLUHVFRXSOLQJWRDGHWHFWLRQV\VWHPLQRUGHUWREHXVHIXODQDO\WLFDOO\
&KXQD\DQ 6XQ HW DO XVHG DQ LQWHUHVWLQJ PHWKRG WR GHWHFW EDFWHULD DQG
WKHLU ELQGLQJ SURSHUWLHV ZLWK V\QWKHWLF PDWHULDOV >@ 7KH\ V\QWKHVLVHG
OLSRVRPHV FRQVLVWLQJ RI SRO\GLDFHW\OHQH 3'$ DQG PDQQRVHJO\FROLSLGV
%HFDXVHRIWKHSUHVHQFHRIDQ²HQH²\QHRQWKHEDFNERQHRIWKHSRO\PHU
3'$VKDYHWKHLQWULQVLFSURSHUW\RIFKDQJLQJFRORXUEOXHWRUHGVKLIWLQ
UHVSRQVH WR H[WHUQDO IDFWRUV VXFK DV S+ WHPSHUDWXUH HWF :KHQ WKH
OLSRVRPHV ZHUH PL[HG ZLWK EDFWHULD SRSXODWLRQV WKH\ FKDQJHG FRORXU
IURPEOXHWRUHGLQGLFDWLYHRIWKHELQGLQJRIWKH(FROL)LP+ELQGLQJVLWH
SUHVHQWRQWKHSLOLRIZLOGW\SH(FROLZLWKWKHPDQQRVHELQGLQJVLWHVRQ
WKH OLSRVRPHV PHPEUDQH DQG GLVUXSWLRQ RI WKH ODWWHU 7KH FRORULPHWULF




LQ WKHFHOO FXOWXUHPHGLDDQG LWZDVIRXQGWREHFRQVLGHUDEO\ IDVWHU WKXV
FRQILUPLQJSUHYLRXVVWXGLHVVXSSRUWLQJWKHIDFWWKDWGLYDOHQWFDWLRQVRIWHQ
SURPRWH ELQGLQJ RI FDUERK\GUDWHV ZLWK )LP+ VLWHV YLD EULGJH ERQG
IRUPDWLRQ

,Q D VLPLODU FRQWH[W 6X DQG FRZRUNHUV V\QWKHVLVHG YHVLFXODU VWUXFWXUHV
EDVHG RQ SHQWDFRVDGL\QRLF DFLG DV WKH VHQVRU PRLHW\ DQG 
GLKH[DGHFDQR\ORǃPDOWRWULRV\OJO\FHURO DV WKH EDFWHULD UHFRJQLWLRQ






 7KHVH PHWKRGV FDQ EH UHJDUGHG DV XVHIXO TXDOLWDWLYH REVHUYDWLRQV RI




)RU VRPH PLFURELRORJLFDO DVVD\V HVSHFLDOO\ ZKHQ VWHULOLVDWLRQ SURWRFROV
QHHG WR EH IROORZHG PRUH UREXVW PDWHULDOV WKDQ YHVLFOHV DQG VROXEOH
JO\FRSRO\PHUV DUH UHTXLUHG ,Q VXFK FDVHV PROHFXODUO\ LPSULQWHG




XVLQJ IXQFWLRQDO JURXSV LQ WKH LPSULQWLQJ PL[WXUH VXFK WKDW ZKHQ WKH
WHPSODWHV DUH UHPRYHG ¶QHJDWLYHV· FRPSOHPHQWDU\ WR WKH WHPSODWHV DUH
HPERVVHG LQ WKH SRO\PHU 7KHVH QHJDWLYH FRSLHV FDQ DFW DV ELQGLQJ VLWHV
IRU WKH WHPSODWHV DQG VXFK D SURFHVV KDV EHHQ YHU\ ZLGHO\ XVHG DV D
PHDQVWRVHQVHFDSWXUHORZPROHFXODUZHLJKWDQDO\WHV>@+RZHYHU
DOWKRXJK WKH LPSULQWLQJ SURWRFRO LV FRQFHSWXDOO\ YHU\ SRZHUIXO DQG
JHQHULF LQ LWV VFRSH OLWWOH ZRUN KDV EHHQ FDUULHG RXW LQ WKH LPSULQWLQJ RI
KLJKHUPROHFXODUZHLJKWV\VWHPVRUDWWKHPLFURQVFDOHDVLVUHTXLUHGIRU
PLFURRUJDQLVPV ,QLWLDO ZRUN LQ WKH ELQGLQJ RI EDFWHULD DW LPSULQWHG
VXUIDFHV > @ GHPRQVWUDWHG PRGHVW UHFRJQLWLRQ RI 6 DXUHXV DQG /
PRQRF\WRJHQHV0RUHUHFHQWO\+DUYH\DQGFRZRUNHUVZHUHDEOHWRH[WHQG









$ FOHDU HQKDQFHPHQW RI VSRUH UHFRJQLWLRQE\ WKH LPSULQWLQJ SURFHVVZDV
GHPRQVWUDWHG LQ WKLVZRUNDVZHOODVHQKDQFHGFDSWXUHRI WKHELRORJLFDO
DJHQW ZKLFK LV LPSRUWDQW IRU IRRG PLFURELRORJ\ DQG GHIHQFHVHFXULW\
DSSOLFDWLRQV

7KH 'LFNHUW JURXS KDYH EHHQ YHU\ DFWLYH LQ GHYHORSLQJ LPSULQWLQJ
DSSURDFKHV WRFDSWXUHDQGGHWHFWLRQRIPLFURRUJDQLVPV ,PSULQWLQJRIFHOOV
DV YDULHG DV HU\WKURF\WHV \HDVWV DQG EDFWHULD KDV EHHQ FDUULHG RXW E\ VRIW
OLWKRJUDSKLF SURFHGXUHV FRPELQHG ZLWK LQ VLWX SRO\PHULVDWLRQ DW TXDUW]
FU\VWDOPLFUREDODQFHVXUIDFHV7KHPHWKRGW\SLFDOO\KDVLQYROYHGSUHSDULQJD
WKLQ SRO\PHU OD\HU RQ D 4&0 VXUIDFH DQG EULQJLQJ D VHFRQG OD\HU ZLWK
DGVRUEHGELRWHPSODWHLQFORVHSUR[LPLW\WRWKHILUVWVXUIDFHIROORZHGE\89
SRO\PHULVDWLRQRIDPRQRPHUOD\HURUVROJHOHQFDSVXODWLRQRIWKHWHPSODWH
5HPRYDO RI WKH RXWHU VXUIDFH KDV JHQHUDWHG LPSULQWV UDQJLQJ IURP WKH
QDQRPHWUH WR PLFURQ VFDOH 6HOHFWLYH GHWHFWLRQ RI GLIIHUHQW EORRG FHOO W\SHV
YLUXV VHURW\SHV DQG \HDVW FRQFHQWUDWLRQV RYHU  RUGHUV RI PDJQLWXGH KDYH
EHHQ GHPRQVWUDWHG LQGLFDWLQJ WKH YHUVDWLOLW\ DV ZHOO DV WKH VHOHFWLYLW\ RI
GHWHFWLRQSRVVLEOHZLWK0,3DQDO\VLV

7KH 0,3 DSSURDFK KDV DOVR EHHQ XVHG WR LPSULQW FHUWDLQ YLUXVHV ZKLFK




FRUHVHDUFKHUV V\QWKHVL]HG 0,3V FDSDEOH RI FDSWXULQJ WREDFFR PRVDLF
YLUXV 709 LQ UHODWLYHO\ ODUJH TXDQWLWLHV >@ 709 KDV WKH UHTXLVLWH
QHJDWLYH FKDUJH RQ LWV VXUIDFH DQG WKXV FURVVOLQNHG 0,3V GHULYHG IURP
SRO\DOO\ODPLQH  ZKLFK LQLWLDOO\ IRUPHG FKDUJHFKDUJH LQWHUDFWLRQV ZLWK
709ZHUHXVHGWRPHGLDWHQRQFRYDOHQWDVVRFLDWLRQRIWKH0,3ZLWKWKH
F\OLQGULFDOYLUDO WHPSODWH:KHQ0,3VDQGQRQLPSULQWHGSRO\PHUVZHUH
WHVWHG IRU WKHLU YLUXVFDSWXULQJ DELOLW\ LW ZDV IRXQG WKDW 709 LPSULQWHG
SRO\PHUVZHUHDEOHWRGHWHFWDQGFDSWXUHFRQVLGHUDEO\KLJKHUDPRXQWVRI
F\OLQGULFDO 709 WKDQ WKH FRQWURO SRO\PHUV 7KH UHVXOWV VXJJHVW WKH




2YHU WKH ODVW  \HDUV PDQ\ UHVHDUFK JURXSV KDYH VRXJKW WR XVH
TXDQWXP GRWV TGRWV IRU DSSOLFDWLRQV LQ ELRPHGLFDO DQDO\VLV > @
4GRWV KDYH WKH DGYDQWDJHV RI VXVWDLQHG OLJKWHPLVVLRQ ODUJH TXDQWXP
\LHOGVH[FHOOHQWSKRWRVWDELOLW\DYHU\ZLGHUDQJHRIHPLWWHUZDYHOHQJWKV
DQG WKH DELOLW\ WR ILQHWXQH WKH HPLVVLRQ EDQGV7KHVH SURSHUWLHV  HQDEOH





*O\FRTGRWV GHFRUDWHG ZLWK FDUERK\GUDWH DQWLJHQV ZHUH SUHSDUHG E\
)XHQWH HW DO >@ 7KLV JURXS ILUVW V\QWKHVL]HG QHRJO\FRFRQMXJDWHV RI
PDOWRVH RU WKH WULVDFFKDULGH /H; DQWLJHQ *DOǃ>)XFǂ@*OF1$F IURP
WKHLUSURWHFWHGGHULYDWLYHVE\UHDFWLRQZLWKWKLRDFHWDWHXQGHFDQRO7KH





$ UHODWHG DSSURDFK LQYROYHG GHULYDWLVLQJ GLVDFFKDULGHV XVLQJ 
DPLQRHWKDQHWKLRO E\ LPLQH UHGXFWLRQ ZLWK 1D&1%+ >@ 7KH WKLRO
IXQFWLRQDOL]HG QHRJO\FRFRQMXJDWHV ZHUH UHDGLO\ DWWDFKHG WR &G6H=Q6
TGRWV7KHUHVXOWLQJJO\FRTGRWVZHUHZDWHUVROXEOHZKLFKSUHYHQWHGVHOI
DJJUHJDWLRQ ZKHQ LQ DTXHRXV HQYLURQPHQWV 6XJDU GHULYDWL]DWLRQ
PHGLDWHG VSHFLILF ELQGLQJ ZLWK OHFWLQV ZKLFK UHVXOWHG LQ IRUPDWLRQ RI
DJJUHJDWHVGXH WR WKH IRUPDWLRQ RI ODUJH OHFWLQTGRWV FRPSOH[HV 7RGDWH
WKHVHTGRWELRFRQMXJDWHVKDYHQRWEHHQWHVWHGIRUWKHLUELRORJLFDODFWLYLW\
EXW LW LV OLNHO\ WKDW JO\FRTGRWV RI WKLV W\SH ZLOO EHFRPH LPSRUWDQW
PDWHULDOV LQ PLPLFNLQJ DQGRU PRQLWRULQJ ELRORJLFDO HYHQWV DV WKH\ DUH
UHODWLYHO\HDV\WRSUHSDUHDQGKDYHWKHVWDELOLW\OLIHWLPHVGD\VWRPRQWKV
UHTXLUHG IRU DQDO\VLV RI EDFWHULDO SURFHVVHV LQFOXGLQJ IRU H[DPSOH
ELRILOPIRUPDWLRQ

,Q ZKDW FDQ EH FRQVLGHUHG DV DQ DQDORJRXV VWUDWHJ\ 6XQ DQG FR
UHVHDUFKHUV XVHG WKH ZHOONQRZQ ELRWLQVWUHSWDYLGLQ FRXSOH WR GHFRUDWH
OLJKWHPLWWLQJQDQRFU\VWDOVRUPDJQHWLFEHDGVZLWKJO\FRSRO\PHUV>@$
JO\FRSRO\PHU ZLWK JDODFWRVH XQLWV DQG D ELRWLQ HQGFDSSHG DFU\ODPLGH
EDFNERQH ZDV V\QWKHVLVHG ZKLFK FRXOG VHOHFWLYHO\ ELQG ZLWK
FRPPHUFLDOO\ DYDLODEOH VWUHSWDYLGLQ IXQFWLRQDOLVHG TGRWV RU PDJQHWLF
EHDGV WR JHQHUDWH KLJKGHQVLW\ IXQFWLRQDOLVHG VXUIDFHV ILJXUH  7KH
VSHFLILF ELQGLQJ QDWXUH RI WKH V\QWKHVLVHG PDWHULDOV ZDV FRQILUPHG YLD
OHFWLQELQGLQJ DVVD\V 7KH ELRWLQVWUHSWDYLGLQ V\VWHP KDV EHHQ XVHG
H[WHQVLYHO\ LQ WKH SDVW IRU VLPLODU ELR UHFRJQLWLRQFRQMXJDWLRQ




















0ROHFXODUO\ DVVHPEOHG QDQR SUREHV FRQWUDVW DJHQWV DQG ELRPDUNHUV
FRXOG WKXV EH UHODWLYHO\ HDVLO\ V\QWKHVLVHG E\ IROORZLQJ WKLV UHDGLO\
DFFHVVLEOHURXWH

7ZR ILQDO H[DPSOHV LQGLFDWH VRPH LQQRYDWLYH VWUDWHJLHV DQG VRPH IXWXUH
GLUHFWLRQVLQFRQWUROOLQJSRO\PHUEDFWHULDLQWHUDFWLRQV

.ULVKQDPXUWK\ HW DO SURSRVHG DQ LQJHQLRXV VWUDWHJ\ IRU WKH LQ YLYR
HOLPLQDWLRQRIJUDPSRVLWLYHEDFWHULDIURPWKHLPPXQHV\VWHPDVVLVWHGE\D
ELIXQFWLRQDOSRO\PHU>@7KHLUFRQFHSWLQYROYHGWKHVXUIDFHPRGLILFDWLRQRI
JUDPSRVLWLYHEDFWHULD WKDWDUHQRUPDOO\GLIILFXOW IRU WKH LPPXQHV\VWHPWR
UHFRJQL]H VXFK WKDW WKHLU FDSWXUH E\ DQWLERGLHV ZDV SURPRWHG OHDGLQJ WR
VXEVHTXHQW HOLPLQDWLRQ E\ PDFURSKDJHV ILJXUH  7KLV DSSURDFK ZKLFK
FDQ EH FRQVLGHUHG SDUWO\ DQDORJRXV WR WKH ¶FHOOXODU SDLQWLQJ· FHOO VXUIDFH
UHPRGHOOLQJ DSSURDFKHV WR FHOOVSHFLILF GUXJ WDUJHWLQJ >@ LQYROYHG WKH
JHQHUDWLRQRISRO\PHUVWKDWZRXOGERWKVSHFLILFDOO\LQWHUDFWZLWKWKHGHVLUHG






)LJXUH  6XUIDFH PRGLILFDWLRQ RI EDFWHULD WKURXJK PXOWLYDOHQW
LQWHUDFWLRQV ZLWK YDQFRP\FLQIXQFWLRQDOLVHG V\QWKHWLF SRO\PHUV
,QFRUSRUDWLRQRIDIOXRUHVFHQWDQWLJHQRQWKHV\QWKHWLFSRO\PHUSURPRWHV
DQWLERG\ UHFRJQLWLRQ DQG VXEVHTXHQW RSVRQLVDWLRQ DQG SKDJRF\WRVLV RI




7KLV UHTXLUHG WKH GHVLJQ RI DQ DFU\ODPLGH SRO\PHU ZLWK GXDOSXUSRVH
IXQFWLRQDOLW\ 7KH VWDUWLQJ PDWHULDO SRO\1DFU\OR\OVXFFLQLPLGH ZDV
UHDFWHG ZLWK IOXRUHVFHLQ FDGDYHULQH DQG WKHQ ZLWK DPLQRIXQFWLRQDO
YDQFRP\FLQ GHULYDWLYH WR \LHOGHG D PXOWLYDOHQW SRO\PHU ZKLFK ZDV
TXHQFKHG ZLWK DPPRQLXP K\GUR[LGH WR ULQJRSHQ UHDFWLYH DQK\GULGH





ZDVERXQG WR WKHEDFWHULDO VXUIDFH LQD PXOWLYDOHQW PDQQHU DQG VWURQJO\
SURPRWHG RSVRQL]DWLRQ RI WKH EDFWHULD E\ PRQRFORQDO ,J* DQWLIOXRU
&KDSWHU  ,QWURGXFWLRQ
 
ZKHQ WHVWHG ZLWK IORZ F\WRPHWU\ 6XEVHTXHQWO\ WKH SRO\PHUEDFWHULD
FRPSOH[HV FRXOG EH LQJHVWHG E\ PDFURSKDJH FHOOV WZLFH DV HIILFLHQWO\ DV
WKHQRQSRO\PHUWUHDWHGEDFWHULD7KLVSDUWLFXODUVWUDWHJ\LVOLNHO\WRILQG
D QXPEHU RI DSSOLFDWLRQV LQ WKH ELRPHGLFDO ILHOG VLQFH LW H[SORLWV
PXOWLYDOHQF\ DQG WKHUHIRUH FDQ DFFRPPRGDWH ZHDNLQWHUDFWLQJ









$QRWKHU LQYHQWLYH PHWKRG XVHV 1DWXUH·V RZQ LQ VLWX GLDJQRVWLF DQG
FRPPXQLFDWLRQ V\VWHPV WR LQWHUDFW ZLWK GHWHFW RU GHDFWLYDWH EDFWHULD
$PRQJVWPDQ\EDFWHULDOVSHFLHVFHOOFHOOFRPPXQLFDWLRQQHWZRUNVNQRZQ
DV TXRUXP VHQVLQJ 46 KDYH HYROYHG WR PDLQWDLQ DQG FRQWURO EDFWHULDO
SRSXODWLRQ EHKDYLRXU > @ 46 LV PHGLDWHG E\ ORZ PROHFXODU ZHLJKW
FRPSRXQGV SULQFLSDOO\ EXW QRW H[FOXVLYHO\ RI WKH 1DF\OKRPRVHULQH
ODFWRQH $+/ IDPLO\ ZKLFK FDQ EH SURGXFHG DQG VHQVHG E\ EDFWHULD ,W
KDV EHHQ IRXQG WKDW WKH FRQFHQWUDWLRQ RI $+/V LQ WKH EDFWHULDO
PLFURHQYLURQPHQW LV SURSRUWLRQDO WR WKH SRSXODWLRQ GHQVLW\ RI WKH
EDFWHULD SRSXODWLRQ DQG WKH ODWWHU XVH WKHP DV D PHDQV WR VHQVH WKHLU
SRSXODWLRQGHQVLW\ 8SRQ D FHUWDLQ FRQFHQWUDWLRQ RI $+/V EDFWHULD VWDUW
WRVKRZVLQJOHRUJDQLVPOLNHEHKDYLRXUDQGRIWHQLQFUHDVHWKHLULQIHFWLYLW\
RUSDWKRJHQLFLW\.DWRHWDOH[SORUHGWKHSRVVLELOLW\RI46LQWHUIHUHQFHE\
XVLQJ F\FORGH[WULQV >@ ,W ZDV K\SRWKHVL]HG WKDW WKH K\GURSKRELF DF\O
FKDLQRIWKH$+/VFRXOGEHLQFOXGHGLQWKHLQWHULRUFDYLW\RIF\FORGH[WULQV
YLD K\GURSKRELF LQWHUDFWLRQV DQG KHQFH H[FOXGH WKHP IURP WKH EDFWHULDO
VHQVLQJ QHWZRUN 7KH UHVHDUFKHUV WHVWHG 6HUUDWLD PDUFHVFHQV DQ
&KDSWHU  ,QWURGXFWLRQ
 
RSSRUWXQLVWLF SDWKRJHQ WKDW SURGXFHV SURJLGLRVLQ YLD 46 PHGLDWHG
PHFKDQLVPDWWKHVWDWLRQDU\JURZWKSKDVH:KHQWKHEDFWHULDZHUHJURZQ
LQ SUHVHQFH RI RSWLPXP FRQFHQWUDWLRQ RI F\FORGH[WULQV LQ WKH JURZWK
PHGLXPLWZDVREVHUYHGWKDWWKHSURGXFWLRQRISURGLJLRVLQZDVUHGXFHG
DSSUR[LPDWHO\  VXJJHVWLQJ WKH UHGXFWLRQ RI $+/V DYDLODEOH WR EH
GHWHFWHGE\WKHEDFWHULD7KLVLVRQHRIWKHYHU\ILUVWVWXGLHVLQZKLFKD46
V\VWHP KDV EHHQ WDUJHWHG E\ D V\QWKHWLF PDWHULDO DQG FDQ LQWHUIHUH ZLWK






7KH VHFWLRQ RQ EDFWHULDO GHWHFWLRQ VHUYHV WR FRYHU D EULHI VHOHFWLRQ RI WKH
PDQ\H[FLWLQJQHZPHWKRGVEHLQJGHYHORSHGWRSUHSDUHV\QWKHWLFSRO\PHUV
DQG WR XVH WKHP LQ ELRPHGLFDO DSSOLFDWLRQ ,QFUHDVHV LQ WKH VSHFLILFLW\ RI
LQWHUDFWLRQVDUHRFFXUULQJDVSRO\PHUFKHPLVWVH[HUWEHWWHUFRQWURORYHU WKH
SRO\GLVSHUVLW\ RI WKH PDWHULDOV WKDW DUH V\QWKHVLVHG ZKLFK LQ WXUQ OHDGV WR
PRUHSUHFLVHGLVSOD\RIFHOOELQGLQJOLJDQGVIURPWKHUHVXOWLQJSRO\PHUV7KH
XVHRIELRLQVSLUHGDSSURDFKHV VXFKDV WKH GHFRUDWLRQRISRO\SHSWLGHV WKDW
DGRSW VSHFLILF FRQIRUPDWLRQV EXW XVLQJ WKH IOH[LEOH DUVHQDO RI WKH PRGHUQ
V\QWKHWLF FKHPLVW LV DOVR DOORZLQJ WKH SUHSDUDWLRQ RI ¶FHOOFRPSOHPHQWDU\·
VWUXFWXUHV WKDW FDQ ELQG WR WDUJHW DQDO\WHV )LQDOO\ LPSURYHPHQWV LQ WKH
VHQVLWLYLW\ RI DQDO\WLFDO GHYLFHV IRU H[DPSOH XVLQJ WHFKQLTXHV VXFK DV
VXUIDFHHQKDQFHG UHVRQDQFH 5DPDQ VFDWWHULQJ 6(556 DUH HQDEOLQJ
GHWHFWLRQRIELRSRO\PHUVDWWKHDWWRPROHOHYHODQGEHORZ7KHVHDUHDOOYHU\
HQFRXUDJLQJ GHYHORSPHQWV ZKHQ FRQVLGHULQJ GHWHFWLRQ RI PDQ\ ELRORJLFDO
VSHFLHVQRWRQO\PLFURRUJDQLVPV+RZHYHULWVKRXOGVWLOOEHERUQHLQPLQG
WKDW D VLQJOH SDWKRJHQLF FHOO FDQ LI FRQGLWLRQV DUH IDYRXUDEOH XQGHUJR
UHSOLFDWLRQ DQG JLYH ULVH WR D SRSXODWLRQ FDSDEOH RI FDXVLQJ KDUP ,Q
&KDSWHU  ,QWURGXFWLRQ
 
DGGLWLRQ LI PXWDWLRQV RFFXU LQ D EDFWHULDO RU YLUDO VWUDLQ DQ\ GHWHFWLRQ
V\VWHPGHVLJQHGWREHVSHFLILFWRWKDWVWUDLQPD\EHUHQGHUHGLQHIIHFWLYH$V
D FRQVHTXHQFH WKHUH LV LQFUHDVLQJO\ D QHHG WR GHYHORS ´VHOIHYROYLQJµ RU










7KH PHFKDQLVPV RI EDFWHULD DGKHVLRQ DUH RI SDUDPRXQW LPSRUWDQFH LQ
ELRWHFKQRORJLFDO DSSOLFDWLRQV  DQG DUH FHQWUDO WR ELRVHQVRUV WHFKQRORJ\
DQG GHYHORSPHQW RI DQWLPLFURELDOV DQG LQIHFWLRQUHVLVWDQW VXUIDFHV
$GKHVLRQ FDQ EH FRQVLGHUHG D SKHQRPHQRQ ZKHUH EDFWHULD DWWDFK WR D
VXUIDFH E\ DFWLYH SK\VLFRFKHPLFDO LQWHUDFWLRQV 7KH EURDG GHILQLWLRQ




IRUPHU FDVH FDQ EH UHJDUGHG YDQ GHU :DDOV JUDYLWDWLRQDO IRUFHV
K\GURSKRELFLW\ DQG HOHFWURVWDWLF FKDUJH ZKLFK DUH DOO QRQVSHFLILF DQG
WDNH SODFH LQ GLVWDQFHV JUHDWHU WKDQ  QP DQG FDQ EH H[SUHVVHG DV
IXQFWLRQV RI IUHH HQHUJ\ DQG GLVWDQFH 6KRUW UDQJH LQWHUDFWLRQV DUH
HIIHFWLYH DW GLVWDQFHV OHVV WKDQ  QP DQG LQYROYH VSHFLILF FKHPLFDO
ERQGLQJ DQG LRQLF LQWHUDFWLRQV 7KHUHIRUH ORQJ UDQJH LQWHUDFWLRQV RFFXU






WKH ZDWHU PROHFXOHV LQ WKH ILUVW WHQV RI PROHFXODU OD\HUV ,QWHUPROHFXODU
LQWHUDFWLRQV LHK\GURJHQERQGVDUHDSSDUHQWQHDUK\GURSKLOLFVXUIDFHV
ZKHUHDVZDWHUPROHFXOHVDUHOHVVVWUXFWXUHGRQK\GURSKRELFVXUIDFHV7KH
K\GURSKRELFLW\K\GURSKLOLFLW\ RI D VXUIDFH LV XVXDOO\ GHWHUPLQHG E\
FRQWDFW DQJOH PHDVXUHPHQWV 7KH K\GURSKRELFLW\ RI EDFWHULD YDULHV
DFFRUGLQJ WR WKH VSHFLHV DQG WKH EDFWHULDO VXUIDFH SURSHUWLHV ,Q JHQHUDO
K\GURSKRELF EDFWHULD SUHIHU K\GURSKRELF VXEVWUDWHV 6LPLODUO\
K\GURSKLOLFEDFWHULDDGKHUHWRK\GURSKLOLFVXUIDFHV

%DFWHULD LQ DTXHRXV PHGLD DUH QHJDWLYHO\ FKDUJHG ,Q DGGLWLRQ KLJK
VXUIDFH FKDUJH LV XVXDOO\ FRUUHODWHG ZLWK K\GURSKLOLF FKDUDFWHU RI WKH
EDFWHULDO VXUIDFH ,W KDV EHHQ IRXQG WKDW HOHFWURVWDWLF LQWHUDFWLRQV RI
EDFWHULD ZLWK VXUIDFHV PD\ KDYH DQ LQLWLDO UROH WR WKH LQLWLDO SKDVH RI
DGKHVLRQ EXW WKH\ DUH QRW FUXFLDO ZKHQ VSHFLILF LQWHUDFWLRQV VWDUW WR
GRPLQDWH

5RXJKQHVV LVGHILQHG DV WKHDYHUDJHGLVWDQFH EHWZHHQ SHDNVDQG YDOOH\V
SUHVHQWRQDVXUIDFHDQGLVH[SUHVVHGDVDQDULWKPHWLFPHDQYDOXH,WKDV
EHHQ IRXQG WKDW URXJK VXUIDFHV SURPRWH EDFWHULDO DGKHVLRQ DQG WKLV LV
DWWULEXWHG WR WKH LQFUHPHQW RI WKH VXUIDFH DUHD DQG WKH SUHVHQFH RI PRUH
IDYRUDEOHVLWHVIRUEDFWHULDWRDGKHUH>@
9DU\LQJ OHYHOV RI URXJKQHVV K\GURSKRELFLW\ DQG FKDUJHFKDUJH
LQWHUDFWLRQV WHQG WR EH SUHVHQW LQ DOO FHOOPDWHULDO LQWHUIDFHV DQGDUH WKXV




6SHFLILF LQWHUDFWLRQV RI SDUWLFXODU LQWHUHVW DUH WKRVH WKDW LQYROYH OHFWLQV
/HFWLQVDUHFDUERK\GUDWHELQGLQJSURWHLQVIRXQGLQPRVWOLYLQJRUJDQLVPV
7KH\ DUH LQYROYHG LQ QXPHURXV ELRORJLFDO SURFHVVHV VXFK DV FHOO
&KDSWHU  ,QWURGXFWLRQ
 
LQWHUDFWLRQV LQ WKH LPPXQH V\VWHP PDOLJQDQF\ DQG PHWDVWDVLV RI
FDQFHURXV FHOOV DQG YLUXV LQIHFWLRQ $FFRUGLQJ WR WKH ZD\ E\ ZKLFK
ELQGLQJZLWKFDUERK\GUDWHVRFFXUVOHFWLQVKDYHEHHQFDWHJRUL]HGLQWRWZR
IDPLOLHV 7KH JURXS , OHFWLQV WKDW FRPSOHWHO\ HQYHORS OLJDQGV LQ GHHS
SRFNHWOLNH GRPDLQV DQG WKH JURXS ,, ZKHUH ELQGLQJ RFFXUV LQ VKDOORZ
SRFNHWV RQ WKH SURWHLQ VXUIDFH 7KH SRFNHWOLNH GRPDLQV DUH SUHIRUPHG
VLQFH QR VLJQLILFDQW FKDQJH LQ FRQIRUPDWLRQ KDV EHHQ REVHUYHG XSRQ
ELQGLQJ /HFWLQV LQWHUDFW ZLWK FDUERK\GUDWHV E\ IRUPLQJ QRQFRYDOHQW
ERQGVZKLFKDUHUHYHUVLEOHDQGKLJKO\VSHFLILF7KHELQGLQJWKDWRFFXUVLQ
WKHFDUERK\GUDWHUHFRJQLWLRQGRPDLQ&5'RIOHFWLQVLVPDLQO\DWWULEXWHG
WR K\GURJHQ ERQGLQJ RI WKH FDUERQ\O JURXSV RI WKH SURWHLQ DQG WKH
K\GUR[\OJURXSVRIWKHVXJDUPROHFXOHV>@

7KH FKDUDFWHULVWLF RI OHFWLQFDUERK\GUDWH ELQGLQJ LV WKDW WKH K\GUR[\O
JURXSV DFW ERWK DV HOHFWURQ GRQRUV DQG DFFHSWRUV 7KLV LV EHFDXVH WKH
R[\JHQ RI WKH 2+ JURXS LV VS K\EULGL]HG WKXV KDYLQJ WZR ORQH SDLU RI
HOHFWURQVDQGRQHSURWRQ7KHUHIRUHWKH2+FDQDFWERWKDVDQDFFHSWRURI
WZR K\GURJHQ ERQGV DQGDV DGRQRU RI D VLQJOH K\GURJHQ ERQG ,Q PRVW
FDVHVRIOHFWLQFDUERK\GUDWHV\VWHPVK\GURJHQERQGLQJKDVDFRRSHUDWLYH
FKDUDFWHU )RU H[DPSOH SHULSODVPLF WUDQVSRUWHU SURWHLQV ELQG ZLWK DOO
K\GUR[\O JURXSV RI WKH ERXQG FDUERK\GUDWH LQ D FRRSHUDWLYH PDQQHU
&RQYHUVHO\ RWKHU V\VWHPV KDYH EHHQ VKRZQ WR LQWHUDFW ZLWK VSHFLILF
K\GUR[\OVVXFKDVWKH&RQ$JOXFRVHV\VWHPZKHUHWKHK\GUR[\ODWWKH&
SRVLWLRQ LV FRPSOHWHO\ VROYHQW H[SRVHG DQG GRHV QRW FRQWULEXWH WR WKH
ELQGLQJZLWKWKH&5'>@

9DQ GHU :DDOV IRUFHV KDYH DOVR EHHQ IRXQG WR FRQWULEXWH WR WKH RYHUDOO
ELQGLQJ GHVSLWH WKHLU ZHDN QDWXUH 7KH SUHVHQFH RI FDOFLXP FDWLRQV RU
WUDQVLWLRQ PHWDOV DOVR SOD\ D UROH LQ IL[LQJ WKH DPLQR DFLGV WR ILQG WKH
RSWLPXP SRVLWLRQ WR ELQG OLJDQGV HIIHFWLYHO\ EXW WKH\ DUH QRW GLUHFWO\





WZR ORQH SDLUV IRUP K\GURJHQ ERQGV ZLWKDPLGH JURXSV7KH RQO\ RWKHU
GLUHFW FDUERK\GUDWHPHWDO LQWHUDFWLRQ LV WKDW RI [\ORVH LVRPHUDVH ZKHUH
WZR0JFRRUGLQDWHZLWKVXJDUV

$OVR ZDWHU VHHPV WR SOD\ D UROH LQ WKH OHFWLQVXJDU ELQGLQJ :DWHU
PROHFXOHV DFW DV LQWHUVWLWLDO FRPSRXQGV E\ IRUPLQJ EULGJHV EHWZHHQ WKH
OHFWLQ DQG WKH VXJDU DQG IXUWKHU VWDELOL]H WKH SURWHLQVXJDU FRPSOH[HV
0ROHFXODUG\QDPLFVVLPXODWLRQVKDYHVKRZQWKDWZDWHUPROHFXOHVDUH LQ
FRQVWDQW PRWLRQ DQG WKDW RQO\ IHZ RI WKHP KDYH ORQJ OLIHWLPH XSRQ
FRPSOH[DWLRQ>@

2QH RI WKH PRVW LQWHUHVWLQJ FKDUDFWHULVWLFV RI OHFWLQVPRQRVDFFKDULGH
LQWHUDFWLRQV LV WKDW WKH\ DUH RI ZHDN DIILQLW\ LQ QDWXUH HVSHFLDOO\ ZKHQ
FRPSDUHG ZLWK HQ]\PHVXEVWUDWH VSHFLILF DVVRFLDWLRQV LQ PRVW FDVHV WKH
GLVVRFLDWLRQ FRQVWDQWV UDQJH LQ WKH PLOOLPRODU RUGHU RI PDJQLWXGH %XW
WKHQ KRZ FDQ OHFWLQV DFW DV UHFRJQLWLRQ PROHFXOHV DQG PHGLDWH FUXFLDO
ELRORJLFDO SURFHVVHV" 7KH SLRQHHULQJ ZRUN RI 5HLNR /HH LQ WKH V
HOXFLGDWHGKRZQDWXUHHPSOR\VPXOWLYDOHQF\ LQRUGHU WRRYHUFRPHZHDN
DIILQLW\EHWZHHQOHFWLQVDQGPRQRVDFFKDULGHV<&/HHDQG57/HHXVHG
FKLFNHQ DQG UDW KHSDWLF OHFWLQV ZKLFK ELQG WR 1DFHW\OJDODFWRVDPLQH
*DO1$FDQG1DFHW\OJOXFRVDPLQH*OF1DFUHVSHFWLYHO\7KH\REVHUYHG
WKDW ZKHQ XVLQJ QHRJO\FRSURWHLQV EHDULQJ ODUJH QXPEHU RI VXJDUV DV
OLJDQGV WKH ELQGLQJ DIILQLW\ ZDV LQFUHDVHG JHRPHWULFDOO\ IHOO WR WKH
QDQRPRODU UDQJH ZKHUHDV WKH PRQRVDFFKDULGH FRXQWHUSDUWV KDG DQ
DIILQLW\ LQ WKH UDQJH  P0 7KH WHUP FOXVWHU JO\FRVLGH HIIHFW ZDV





6LQFH WKHQ PDQ\ OHFWLQVXJDU V\VWHPV KDYH EHHQ VWXGLHG LQ DQ HIIRUW WR
UHODWH WKHVWUXFWXUHRIDOLJDQGWR WKH LQWHUDFWLRQZLWK WKHUHFHSWRU7KHUH
DUHIRXUZLGHO\XVHGPHWKRGVWKDWKDYHEHHQHPSOR\HGIRUWKHVHVWXGLHV
WKH KHPDJJOXWLQDWLRQ LQKLELWLRQ DVVD\ +,$ WKH HQ]\PH OLQNHG OHFWLQ
DVVD\ (//$ LVRWKHUPDO WLWUDWLRQ PLFURFDORULPHWU\ ,7& DQG VXUIDFH
SODVPRQ UHVRQDQFH 635 ZKLFK DUH H[SODLQHG LQ EDVLF GHWDLO LQ UHYLHZ
>@

7KHUH DUH PDQ\ OHFWLQVXJDU V\VWHPV WKDW KDYH EHHQ VWXGLHG WKXV IDU




5HFHQWO\ DUUD\V LQLWLDOO\ GHYHORSHG IRU F'1$ ZHUH PRGLILHG IRU
FDUERK\GUDWHFDUERK\GUDWH DQG FDUERK\GUDWHSURWHLQ LQWHUDFWLRQV
0LFURDUUD\V KDYH EHHQ GHYHORSHG E\ VHYHUDO UHVHDUFK JURXSV PDLQO\ E\
H[SORLWLQJ WRROV GHYHORSHG E\ PLQLDWXUL]DWLRQ WHFKQRORJLHV >@ WKLV
WHFKQRORJ\ LV OLNHO\ WR EH YHU\ XVHIXO IRU IXWXUH VWXGLHV VLQFH LW SURYLGHV







WR DFKLHYH WKLV LV YLDJO\FRSRO\PHUVZKLFKDUHGHILQHG DV SRO\PHUV ZLWK
SHQGDQW FDUERK\GUDWH PROHFXOHV7KHGHILQLWLRQGLIIHUHQWLDWHV WKHP IURP
ELRSRO\PHUVZKHUHWKHSRO\PHUFKDLQVFRQVLVWRIFDUERK\GUDWHV6\QWKHWLF










GHVLJQ ZLWK WKH XOWLPDWH JRDO WR VHW D YHU\ ILUVW SODWIRUP GHVLJQ IRU IXWXUH
VPDUW WKHUDSHXWLFV WKDW FDQ H[KLELW ELRUHVSRQVLYH DQG HYHQ ´OLIHOLNHµ
FKDUDFWHULVWLFV %\ H[SORLWLQJ PRGHUQ SRO\PHUL]DWLRQ WHFKQLTXHV ZH DLP WR
EXLOG VHOIDVVHPEOHG FDSVXOHPLPLFNLQJ VWUXFWXUHV LH YHVLFOHV WKDW FDQ
VHUYH DV SURWRW\SH FRS\FDWV RI QDWXUDO FHOO PHPEUDQHV $OVR ZH DLP WR
HVWDEOLVK D SULPLWLYH FRPPXQLFDWLRQ RI WKH DUWLILFLDO VWUXFWXUHV ZLWK WKHLU
QDWXUDO FRXQWHUSDUWV LH EDFWHULDO FHOOV E\ XVLQJ WKH ´JO\FRFRGHµ DV D
PHDQV RI ELRFKHPLFDO ODQJXDJH )LQDOO\ FRXSOLQJ RI WKHVH FRPPXQLFDWLRQ
HYHQWV ZLWK QDWXUDOO\ RFFXUULQJ SUHELRWLF UHDFWLRQV LQ D G\QDPLF FRQWH[W
VKRXOG OHDG WR WKH HVWDEOLVKPHQW RI D ELRORJLFDO YHUVLRQ RI WKH ZHOONQRZQ
7XULQJWHVWLQRUGHUWRVHWWKHSODWIRUPWRVWDUWTXHVWLRQLQJKRZPXFKDOLYH
DQ DUWLILFLDO VWUXFWXUH FDQ EH 8OWLPDWHO\ WKH NQRZOHGJH DFTXLUHG E\ WKLV
H[HUFLVH VKRXOG EH H[SHFWHG WR FRQWULEXWH WR WKH UHDOL]DWLRQ RI QRYHO
LQWHOOLJHQW WKHUDSHXWLFV WKDW WUXO\UHVHPEOH WKH IXQFWLRQRIQDWXUDOFHOOVDQG
OHDGWRPRUHHIIHFWLYHDOEHLWOHVVLQYDVLYHWKHUDSLHV

,Q WKH VHFRQG FKDSWHU ZH H[SORUH WKH SRVVLELOLW\ RI HPEHGGLQJ WKH KLJK
VSHFLILFLW\ RI WKH OLJDQGUHFHSWRU LQWHUDFWLRQV IRXQG LQ WKH DUHD RI
FDUERK\GUDWHV WR SRO\PHULF PDWHULDOV :H LQWURGXFH VLPSOH FDUERK\GUDWH
PROHFXOHV LQ D ZHOO VWXGLHG WKHUPRUHVSRQVLYH SRO\PHU SRO\1
LVRSURS\ODFU\ODPLGH LQ RUGHU WR V\QWKHVL]H FRSRO\PHUV ZLWK GXDO
IXQFWLRQDOLW\ :H DLP WR UHYHUVLEO\ FRQWURO WKH EDFWHULDO DGKHVLRQ E\ WKHVH





,Q FKDSWHU WKUHH ZH H[WHQG WKLV VWUDWHJ\ E\ LQWURGXFLQJ EORFN FRSRO\PHUV
WKDW FDQ VHOIDVVHPEOH LQ VSKHULFDO JO\FRREMHFWV RI FRPSDUDEOH VL]H WR
EDFWHULDO FHOOV %DFWHULDO DGKHVLRQFOXVWHULQJ LV DJDLQ DLPHG WR EH PHGLDWHG
E\ WKH VSHFLILF LQWHUDFWLRQ RI WKH VXJDU XQLWV SUHVHQWHG RQ WKH YHVLFXODU
FRURQDH ZLWK WKH FDUERK\GUDWH UHFRJQLWLRQ VLWHV RQ WKH EDFWHULDO ILEULOV :H





ZKHWKHU WKLV VWUDWHJ\ LV DSSOLFDEOH ZLWK UHDO ´OLQJXLVWLF PROHFXOHVµ
FRPPRQO\ XVHG LQ PLFURELRORJLFDO QHWZRUNV 7KH FRPPXQLFDWLRQ DPRQJ
EDFWHULD LV NQRZQ WR EH PHGLDWHG E\ VLJQDOOLQJ QHWZRUNV WKDW LQYROYH
GLIIXVLRQWUDQVSRUWRIVPDOOPROHFXOHVNQRZQDVTXRUXPVHQVLQJ:HZLOO
WKHQ VWDUW WR H[SORUH WKLV FRPPXQLFDWLRQ SODWIRUP LQ RUGHU WR LQFRUSRUDWH
HOHPHQWV RI WKHVH SURFHVVHV WR RXU SULPLWLYH FHOO PLPLFV XVLQJ WKH TXRUXP
VHQVLQJQHWZRUNRI9LEULRKDUYH\LDV LW LVZHOO VWXGLHGDQGHDVLO\PRQLWRUHG
ZLWKELROXPLQHVFHQFHDVVD\V

$V D YHU\ ILUVW PRGHO ZH SODQ WR WHVW WKLV K\SRWKHVLV E\ XVLQJ VLPSOH
WKHUPRUHVSRQVLYH SRO\PHUV WKDW FDQ FDSWXUH DQG UHOHDVH WKHVH ´OLQJXLVWLF
PROHFXOHVµ UHYHUVLEO\ YLD WKHUPDO VWLPXOL :H UHJDUG WKHVH SRO\PHUV DV
SUHFXUVRUV RI WKH YHVLFXODU FHOOPLPLFV WKDW ZLOO SURYLGH XV ZLWK HQRXJK
HYLGHQFHRQWKHEDFWHULDOUHVSRQVHWRWKHVLJQDOOLQJSHUWXUEDWLRQLQGXFHGE\
WKH SUHVHQFH RI WKH IRUPHU 3URRI RI WKH FRQFHSW LI VXFFHVVIXO ZLOO VHW WKH
JURXQGV WRZDUGV DFKLHYLQJ G\QDPLF LQWHUYHQWLRQ RQ WKH EDFWHULDO
FRPPXQLFDWLRQ QHWZRUN DQG DFKLHYH PXOWLSOH FRPPXQLFDWLRQ F\FOHV
DFFRUGLQJWRWKHSRO\PHUVFRQIRUPDWLRQ

:H WKHUHIRUH GLVFXVV LQ WKH ILQDO FKDSWHU WKH SULQFLSOHV RI WKLV YHU\
LQWHJUDWLRQ DQG WKH SUHUHTXLVLWHV QHHGHG LQ RUGHU WR IXOO\ LPSOHPHQW D
&KDSWHU  5HIHUHQFHV
 
PHDQLQJIXO DQG ELGLUHFWLRQDO FRPPXQLFDWLRQ F\FOH IRU DOO WKH HQWLWLHV
LQYROYHGEDFWHULDDQGWKHLUDUWLILFLDOFRXQWHUSDUWV6XFFHVVIXOFRPSLODWLRQRI
WKLV ´LPLWDWLRQ JDPHµFRXOG SRWHQWLDOO\ OHDG WR DUWLILFLDO VWUXFWXUHV WKDW FDQ
DFW DV VPDUW FHOOPLPLFV ZLWK´OLIHOLNHµ FKDUDFWHULVWLFV DV D QRYHO DSSURDFK
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S
 %UDXQHFNHU :$ DQG . 0DW\MDV]HZVNL &RQWUROOHGOLYLQJ UDGLFDO




 0DW\MDV]HZVNL . DQG -+ ;LD $WRP WUDQVIHU UDGLFDO SRO\PHUL]DWLRQ
&KHPLFDO5HYLHZVS
 7HRGRUHVFX 0 DQG . 0DW\MDV]HZVNL $WRP WUDQVIHU UDGLFDO
SRO\PHUL]DWLRQ RI PHWKDFU\ODPLGHV 0DFURPROHFXOHV   S

 3DWWHQ7(DQG.0DW\MDV]HZVNL$WRPWUDQVIHU UDGLFDOSRO\PHUL]DWLRQ
DQG WKH V\QWKHVLV RI SRO\PHULF PDWHULDOV $GYDQFHG 0DWHULDOV 
S
 3DWWHQ 7( -+ ;LD 7 $EHUQDWK\ DQG . 0DW\MDV]HZVNL 3RO\PHUV
ZLWK YHU\ ORZ SRO\GLVSHUVLWLHV IURP DWRP WUDQVIHU UDGLFDO SRO\PHUL]DWLRQ
6FLHQFHS
 0RDG *( 5L]]DUGR DQG 6+7KDQJ5DGLFDO DGGLWLRQIUDJPHQWDWLRQ
FKHPLVWU\LQSRO\PHUV\QWKHVLV3RO\PHUS
 0RDG * ( 5L]]DUGR DQG 6+ 7KDQJ 7RZDUG /LYLQJ 5DGLFDO
3RO\PHUL]DWLRQ$FF&KHP5HVS
 7DQDND + &DSWRGDWLYH PRGLILFDWLRQ LQ SRO\PHU VFLHQFH 3URJUHVV LQ
3RO\PHU6FLHQFHS
 )LVFKHU + 7KH SHUVLVWHQW UDGLFDO HIIHFW $ SULQFLSOH IRU VHOHFWLYH UDGLFDO
UHDFWLRQV DQG OLYLQJ UDGLFDO SRO\PHUL]DWLRQV &KHPLFDO 5HYLHZV 
S
 *RWR$DQG7)XNXGD(IIHFWVRIUDGLFDOLQLWLDWRURQSRO\PHUL]DWLRQUDWH
DQG SRO\GLVSHUVLW\ LQ QLWUR[LGHFRQWUROOHG IUHH UDGLFDO SRO\PHUL]DWLRQ
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7KH$PHULFDQ&KHPLFDO6RFLHW\S
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FDUERK\GUDWH FRQMXJDWH URGFRLO DPSKLSKLOHV IRU VXSUDPROHFXODUPXOWLYDOHQW
OLJDQGV -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\   S

 .LP %6 :< <DQJ -+ 5\X <6 <RR DQG 0 /HH &DUERK\GUDWH
FRDWHGQDQRFDSVXOHVIURPDPSKLSKLOLFURGFRLOPROHFXOHELQGLQJWREDFWHULDO
W\SHSLOL&KHPLFDO&RPPXQLFDWLRQVS
 3DUN .+ :- 6XQJ 6: .LP '+ .LP 7 $NDLNH DQG +0
&KXQJ 6SHFLILF LQWHUDFWLRQ RI PDQQRV\ODWHG JO\FRSRO\PHUV ZLWK
PDFURSKDJH FHOOV PHGLDWHG E\ PDQQRVH UHFHSWRU -RXUQDO 2I %LRVFLHQFH
$QG%LRHQJLQHHULQJS
 0LXUD < 1 :DGD < 1LVKLGD + 0RUL DQG . .RED\DVKL
&KHPRHQ]\PDWLF V\QWKHVLV RI JO\FRFRQMXJDWH SRO\PHUV VWDUWLQJ IURP
QRQUHGXFLQJGLVDFFKDULGHV -RXUQDO2I3RO\PHU6FLHQFH3DUW$3RO\PHU
&KHPLVWU\S
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'0+DGGOHWRQ6\QWKHVLVRIQHRJO\FRSRO\PHUVE\DFRPELQDWLRQRIFOLFN
FKHPLVWU\ DQG OLYLQJ UDGLFDO SRO\PHUL]DWLRQ -RXUQDO 2I 7KH $PHULFDQ
&KHPLFDO6RFLHW\S
 6HQ*XSWD6.65DMD(.DOWJUDG(6WUDEOHDQG0*)LQQ9LUXV
JO\FRSRO\PHU FRQMXJDWHV E\ FRSSHU, FDWDO\VLV RI DWRP WUDQVIHU UDGLFDO
SRO\PHUL]DWLRQ DQG D]LGHDON\QH F\FORDGGLWLRQ &KHPLFDO
&RPPXQLFDWLRQVS
 ;XH &+ 955 'RQXUX DQG +< /LX )DFLOH YHUVDWLOH
SUHSRO\PHUL]DWLRQ DQG SRVWSRO\PHUL]DWLRQ IXQFWLRQDOL]DWLRQ DSSURDFKHV IRU





FRPELQHG ELRV\QWKHWLF DQG FKHPLFDO DSSURDFK -RXUQDO 2I 7KH $PHULFDQ
&KHPLFDO6RFLHW\S
 3ROL]]RWWL %' DQG ./ .LLFN (IIHFWV RI SRO\PHU VWUXFWXUH RQ WKH
LQKLELWLRQ RI FKROHUD WR[LQ E\ OLQHDU SRO\SHSWLGHEDVHG JO\FRSRO\PHUV
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
 6XQ&<<-=KDQJ<)DQ<-/LDQG-+/L0DQQRVH(VFKHULFKLD
FROL LQWHUDFWLRQ LQ WKH SUHVHQFH RI PHWDO FDWLRQV VWXGLHG LQ YLWUR E\
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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 6X </ -5 /L / -LDQJ DQG - &DR %LRVHQVRU VLJQDO DPSOLILFDWLRQ RI






VFLHQFH DQG WHFKQRORJ\ D VXUYH\ RI WKH OLWHUDWXUH IRU WKH \HDUV XS WR DQG
LQFOXGLQJ -RXUQDO2I0ROHFXODU5HFRJQLWLRQS

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 $KHUQH $ & $OH[DQGHU 0- 3D\QH 1 3HUH] DQG (1 9XOIVRQ






VSHFLILF DIILQLW\DXJPHQWHG ELRLPSULQWHG EHDGV $QDO\WLFDO $QG
%LRDQDO\WLFDO&KHPLVWU\S
 %ROLVD\ /' -1 &XOYHU DQG 3 .RILQDV 0ROHFXODUO\ LPSULQWHG






 GH OD )XHQWH -0 DQG 6 3HQDGHV *O\FRQDQRSDUWLFOHV 7\SHV V\QWKHVLV




VWXG\ FDUERK\GUDWHFDUERK\GUDWH DVVRFLDWLRQV DQG LWV LQWUDPROHFXODU
LQWHUDFWLRQ7HWUDKHGURQ$V\PPHWU\S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,VDDFV-30L]JHUGDQG*0:KLWHVLGHV3URPRWLRQRIRSVRQL]DWLRQE\









FHOO VXUIDFH UHPRGHOLQJ XVLQJ ELRFRPSDWLEOH OLSLGSRO\HWK\OHQH JO\FROQ
'HYHORSPHQW RI VWHDOWK FHOOV DQG PRQLWRULQJ RI FHOO PHPEUDQH EHKDYLRU LQ
VHUXPVXSSOHPHQWHG FRQGLWLRQV -RXUQDO 2I %LRPHGLFDO 0DWHULDOV
5HVHDUFK3DUW$$S
 %RRQ\DUDWWDQDNDOLQ 6 6 $WKDYDQNDU 4 6XQ DQG %5 3HWHUVRQ
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VFLHQFHV (XURSHDQ -RXUQDO RI 3KDUPDFHXWLFV DQG %LRSKDUPDFHXWLFV
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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S
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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 /DGPLUDO 9 ( 0HOLD DQG '0 +DGGOHWRQ 6\QWKHWLF JO\FRSRO\PHUV
DQRYHUYLHZ(XURSHDQ3RO\PHU-RXUQDOS
 &XQOLIIH ' 6 3HQQDGDP DQG & $OH[DQGHU 6\QWKHWLF DQG ELRORJLFDO














LV IXQGDPHQWDO WR SDWKRJHQ GHWHFWLRQ DQWLLQIHFWLRQ VWUDWHJLHV DQG
XOWLPDWHO\ WR SXEOLF KHDOWK > @ 0DQ\ EDFWHULD KDYH HYROYHG VSHFLILF
DGKHVLRQ VWUXFWXUHV VXFK DV ILPEULDH WKDW ELQG WR KRVW FHOO JO\FRFRQMXJDWHV
WKXV H[SORLWLQJ WKH UHFRJQLWLRQ DQG VLJQDOOLQJ SDWKZD\V RI VXJDUEHDULQJ
ELRSRO\PHUV WKDW FRQVWLWXWH WKH ´JO\FRFRGHµ 2OLJRVDFFKDULGHV KDYH EHHQ
XVHGWREORFNEDFWHULDFHOOLQWHUDFWLRQVDVDPHDQVWRFRPEDWLQIHFWLRQZKLOH




3HUKDSV WKH PRVW ZHOO VWXGLHG V\VWHP VR IDU DUH SRO\PHU LQKLELWRUV RI
SDWKRJHQV VXFK DV SRO\DFU\ODPLGH SRO\PHUV ZLWK SHQGDQW FRSLHV RI WKH &
JO\FRVLGHRIVLDOLFDFLGGHYHORSHGE\WKH:KLWHVLGHVJURXS>@7KHSDUWLFXODU
V\VWHPSUHYHQWVWKHFURVVOLQNLQJRIHU\WKURF\WHVE\YLUXVKHPDJJOXWLQDWLRQ
LQKLELWLRQ DW FRQFHQWUDWLRQV RI  S0 ZKHUHDV WKH PRQRPHULF D
PHWK\OVLDORVLGH FRXQWHUSDUWV LQKLELW KHPDJJOXWLQDWLRQ DW  Q0
FRQFHQWUDWLRQ7KLVIROGHQKDQFHPHQWLVWKHODUJHVWNQRZQWRGDWH>@

$Q HOHJDQW ZD\ WR VWXG\ FHOO VLJQDOLQJ UHVSRQVHV LQ SUHVHQFH RI H[WHUQDO




RSHQLQJ SRO\PHUL]DWLRQ 5203 WR SURGXFH OLQHDU JO\FRSRO\PHUV 5203
KDV WKH DGYDQWDJH WKDW LV D OLYLQJFRQWUROOHG SRO\PHUL]DWLRQ PHWKRG DQG
SRO\PHUV RI QDUURZ SRO\GLVSHUVLWLHV FDQ GHULYH >@ 3RO\PHUV EHDULQJ
PXOWLSOH FRSLHV RI JDODFWRVH RI YDU\LQJ YDOHQFLHV ZHUH V\QWKHVL]HG DQG
FKHPRWDFWLF UHVSRQVHVDVDPHDQVRIFRQWUROOLQJ WKHDQJXODUYHORFLW\RI WKH
EDFWHULDLQSUHVHQFHRIFKHPRDWWUDFWDQWVZHUHVWXGLHG>@,QDGLIIHUHQWVWXG\
IURPWKHVDPHJURXSLWZDVIRXQGWKDWV\QWKHWLFPXOWLYDOHQWOLJDQGVVKRZHG
IROG DPSOLILFDWLRQ RI( &ROL UHVSRQVH FRPSDUHG WR PRQRYDOHQW OLJDQGV
>@1HRJO\FRSRO\PHUVVXEVWLWXWHGZLWKVLDO\O/HZLV[GHULYDWLYHVZHUHDOVR
IRXQGWRLQKLELW/VHOHFWLQPHGLDWHGOHXNRF\WHVUROOLQJWRWKHHQGRWKHOLXPE\




SURGXFH OHFWLQ DQG EDFWHULDUHFRJQLWLRQ PDWHULDOV >@ 6SHFLILFDOO\ ZDWHU
VROXEOH IOXRUHVFHQW JO\FRSRO\PHUV SUHSDUHG IURP SRO\SSKHQ\OHQH
HWK\OHQH ZHUH GHULYDWL]HG ZLWK FDUERK\GUDWH PRLHWLHV XVLQJ D SRVW
SRO\PHUL]DWLRQ PHWKRG &RXSOLQJ RI VXJDU VSHFLHV ZLWK WKH SRO\PHU
EDFNERQH ZDV DFFRPSOLVKHG E\ XVLQJ VWDQGDUG FDUERGLLPLGH FKHPLVWU\
ZKLFKUHVXOWHGLQSRO\PHUVZLWKVXJDUIXQFWLRQDOL]DWLRQRIWKHUHDFWLYH
VLWHV 6HYHUDO SRO\PHU EDWFKHV ZHUH V\QWKHVL]HG YDU\LQJ WKH VDFFKDULGH
DWWDFKHG WR WKH EDFNERQH 0DQQRV\ODWHG SRO\PHUV VWURQJO\ LQWHUDFWHG ZLWK
&RQ $ ZKHUHDV WKH JDODFWRV\ODWHG FRXQWHUSDUWV GLG QRW VKRZ DQ\ ELQGLQJ
ZLWKWKHOHFWLQGHPRQVWUDWLQJWKHVSHFLILFELQGLQJFKDUDFWHURIWKHSRO\PHUV














WKH FRPSOH[LW\ RI DFWLRQ RI SRO\PHULF PDWHULDOV E\ LQWURGXFLQJ
WKHUPRUHVSRQVLYHSRO\PHUVDVDQDGGLWLRQDO´IXQFWLRQµWKDWZRXOGIDFLOLWDWH
UHYHUVLEOH OLJDQGKRVW LQWHUDFWLRQ JRYHUQHG E\ H[WHUQDO VWLPXOXV 6XFK DQ




7KHUPRUHVSRQVLYH SRO\PHUV KDYH EHHQ XVHG H[WHQVLYHO\ LQ WKH SDVW IRU
PDQ\RIDSSOLFDWLRQVLQWKHELRWHFKQRORJLFDODUHQD1RWDEO\WKHNH\ZRUG¶1
LVRSURS\ODFU\ODPLGH·LQ WKH:HERI6FLHQFH :R6GDWDEDVHUHVXOWV LQPRUH
WKDQ  SDSHUV GLUHFWO\ UHODWHG WR 1,3$0 LWV SK\VLFRFKHPLFDO SURSHUWLHV
DQGLWVDSSOLFDWLRQV,QGHHG31,3$0LVDYHU\ZHOOVWXGLHGSRO\PHUDQGLV
WKH SRO\PHU RI FKRLFH LQ WKH PDMRULW\ RI DSSOLFDWLRQV ZKHUH UHVSRQVLYH
SRO\PHUVDUHLQYROYHG$VGLVFXVVHGSUHYLRXVO\1,3$0H[KLELWVVKDUSFRLO
WRJOREXOH WUDQVLWLRQ DERYH  R& NQRZQ DV WKH ORZHU FULWLFDO VROXWLRQ
WHPSHUDWXUH /&67 /&67 FDQ EH GLUHFWO\ WXQHG E\ FRSRO\PHUL]DWLRQ RI
1,3$0ZLWKDK\GURSKLOLFRUOLSRSKLOLFPRQRPHU,QIDFWWKHFKDQJHRIWKH
/&67 LVGLUHFWO\SURSRUWLRQDO WR WKHPRQRPHUFRQWHQW LQ WKH ILQDOSRO\PHU
)RU H[DPSOH FRSRO\PHUL]DWLRQ RI  RI WKH K\GURSKLOLF DFU\ODPLGH
PRQRPHUZLWK1,3$0ZLOOSURGXFHDSRO\PHUZLWKVKDUS/&67DWR&LH
QHDUSK\VLRORJLFDO WHPSHUDWXUH VHHUHIHUHQFH >@IRUH[DPSOH+HQFHRQH
FDQ UHODWLYHO\ HDVLO\ V\QWKHVL]H SRO\PHUV ZLWK GHVLUHG WKHUPRSUHFLSLWDWLRQ
SURSHUWLHV7KLVYHU\SURSHUW\LVH[SORLWHGIRUDYDULHW\RIDSSOLFDWLRQVVXFK
DV DIILQLW\ VHSDUDWLRQV SURWHLQ SXULILFDWLRQ GUXJ GHOLYHU\ SRO\PHUSURWHLQ
ELRFRQMXJDWHV DQG K\GURJHO GHVLJQ IRU WLVVXH HQJLQHHULQJ DSSOLFDWLRQV >@






,QGHHG WKHUH DUH VWXGLHV ZKHUH UHVHDUFKHUV KDYH WULHG WR FRSRO\PHUL]H
K\GURSKLOLFOLSRSKLOLFVHJPHQWVQRWRQO\ WR ILQH WXQH WKH/&67RI WKH ILQDO
SRO\PHU EXW WR DFKLHYH DFWLYH UHYHUVLEOH OLJDQG GLVSOD\ ZLWK WKH VFRSH RI
DFKLHYLQJ VWLPXOXV GULYHQ LQWHUDFWLRQ RI WKH SRO\PHU ZLWK WKH ELRORJLFDO
WDUJHW 7KH OLPLWDWLRQ WR WKLV DSSURDFK WKRXJK LV WKDW LW LV GLIILFXOW WR
LQFRUSRUDWHVXIILFLHQWDPRXQWRIWKHVHFRQGDU\IXQFWLRQDOPRQRPHUZLWKRXW
ORVLQJ WKH /&67 SURSHUW\ RU VKLIWLQJ LW WR LUUHOHYDQW OHYHOV LH ZD\ DERYH
SK\VLRORJLFDO WHPSHUDWXUH )RU WKLV UHDVRQ PRVW VWXGLHV LQYROYLQJ
WKHUPRUHVSRQVLYH SRO\PHUV XVH WKH ODWWHU DV DFWXDWRUV WR UHJXODWH
LQWHUDFWLRQV WKDW RULJLQDWH IURP DQ HQWLW\ VHSDUDWH IURP WKH SRO\PHU
EDFNERQH3RO\PHUSURWHLQELRFRQMXJDWHVDUHDFKDUDFWHULVWLFH[DPSOHRIWKLV
DSSURDFK DV D 1,3$0 KRPRSRO\PHU LV JUDIWHG QHDU WKH UHFHSWRU ELQGLQJ




DQG LQWHUDFWV ZLWK WKH SURWHLQ ELQGLQJ VLWH ZKLFK LQ WXUQ UHQGHUV WKH ODWWHU
LQDFFHVVLEOH>@





FRXSOHG WKH FDUER[\ WHUPLQDWHG FRSRO\PHU ZLWK WKH IUHH DPLQHV RQ WKH
VXUIDFHRI WU\SVLQYLDVWDQGDUGFDUERGLLPLGHFRXSOLQJDQGIRXQGWKDW WKHUH
ZDV D GHJUHH RI FRUUHODWLRQ RI WKH HQ]\PH DFWLYLW\ WR WKH SRO\PHUV /&67
DOEHLWQRWDELQDU\UHVSRQVHDW WKHSRO\PHUVSKDVH WUDQVLWLRQ1HYHUWKHOHVV




DFFHSWDEOH OHYHOV 7R RXU NQRZOHGJH WKLV LV WKH RQO\ VWXG\ WKDW 1,3$0 LV
FRPELQHG ZLWK D JO\FRPRQRPHU *(0$ WR SURGXFH D SRO\PHU WKDW FDQ
WKHUPDOO\VWDELOL]HWKHHQ]\PHLQSUHVHQFHRIWKHK\GURSKLOLFVXJDUPRLHWLHV





SRO\PHU DFWLYLW\ GHULYLQJ IURP WKH SRO\PHU LWVHOI KDV DOVR EHHQ
GHPRQVWUDWHGE\RWKHUV

'L]PDQ HW DO FRPELQHG 1,3$0 ZLWK D QRYHO S\ULGLQH PHWKDFU\ODPLGH
PRQRPHU WKDW FDQ EH IXUWKHU TXDWHUQL]HG ZLWK YDULRXV EURPRDONDQHV WR
SURGXFH SRO\PHUV ZLWK DQWLEDFWHULDO DFWLYLWLHV >@ 7KH UHVHDUFKHUV IRXQG





)XMLPRWR HW DO V\QWKHVL]HG D FRSRO\PHU EDVHG RQ 1,3$0 DQG 1
K\GUR[\VXFFLQLPLGH SUHFXUVRU ZKLFK ZDV WKHQ UHDFWHG ZLWK WKH DUJLQLQH
JO\FLQHDVSDUWDWHVHULQH 5*'6 WHWUDSHSWLGH >@ 5*'6 LV D NQRZQ DQG
ZLGHO\XVHGSHSWLGHPRWLI WKDW LVXVHG WRVHOHFWLYHO\ELQG WRLQWHJULQVFHOO
VXUIDFH UHFHSWRUV 7KH SHSWLGHULFK SRO\PHUV FRXOG IRUP VWDEOH DJJUHJDWHV
DERYH /&67 DQG IRUP VWDEOH SK\VLFDO DVVHPEOLHV ZLWK WKH UHODWLYHO\
OLSRSKLOLF GROLFK\O SKRVSKDWH RU GROLFKRO DSRSWRVLV IDFWRUV ,Q VROXWLRQ D
GHFUHDVH RI WHPSHUDWXUH 7/&67 UHQGHUHG WKH SRO\PHUV VROXEOH 5*'
SHSWLGHV ZHUH H[SRVHG WR WKH FHOO VXUIDFH DQG WKHUHIRUH FRXOG EULQJ WKH




DERYH /&67 ZDV IRXQG WR FRQWLQXRXVO\ VWDELOLVH WKH SRO\PHU DJJUHJDWHV
ZLWKRXW VLJQLILFDQW OHDNDJH RI WKH VXUIDFH DGVRUEHG DSRSWRVLV IDFWRUV  ,W
VKRXOG EH QRWHG WKDW LV LW WKH SUHVHQFH RI WKH K\GURSKLOLF 5*' PRWLI WKDW
JLYHVDQDPSKLSKLOLFFKDUDFWHUWRWKHSRO\PHUEDFNERQHZKLFKLQWXUQUHVXOWV




7KLV K\SRWKHVLV ZDV DOVR LQYHVWLJDWHG E\ +RSNLQV HW DO >@ ZKHUH WKH\
V\QWKHVL]HG D KLJKO\ EUDQFKHG SRO\PHU EDVHG RQ 1,3$0 DV WKH
WKHUPRVHQVLWLYH VHJPHQW FRSRO\PHUL]HG ZLWK WKH K\GURSKLOLF 
SURSDQGLROPHWKDFU\ODWH WHUPLQDWHGZLWK LPLGD]ROH JURXSV7KH SRO\PHU
DOVR FRQWDLQHG DQWKUDPHWK\O PHWKDFU\ODWH JURXSV WKDW XSRQ SRO\PHUV
FROODSVLQJDERYH/&67IRUPHGIOXRUHVFHQWO\WUDFHDEOHXQLIRUPPLFURQVL]HG
DJJUHJDWHV 7KHVH VXEPLFURQ VL]HG RI SDUWLFOHV ZHUH XSWDNHQ E\ GHUPDO




7KH VDPH JURXS DOVR SUHVHQWHG SUHOLPLQDU\ UHVXOWV RQ EUDQFKHG 1,3$0
GHFRUDWHGZLWKYDQFRP\FLQ>@7KHODWWHULVDVWURQJDQWLELRWLFDJDLQVWJUDP
SRVLWLYH EDFWHULD DQG LW DFWV E\ VWURQJ ELQGLQJ WR WKH 'DODQ\O'DODQLQH
SUHVHQW RQ WKH SHSWLGRJO\FDQ PDWUL[ +HQFH WKH UHVHDUFKHUV H[SORLWHG WKLV
ELQGLQJ FDSDELOLW\ RI YDQFRP\FLQ DQG IRXQG WKDW WKH SRO\PHU V\QWKHVL]HG
ZDV IRUPLQJ ODUJH DJJUHJDWHV ZKHQ PL[HG ZLWK 6 DXUHXV GXH WR WKH
SRO\YDOHQW LQWHUDFWLRQV EHWZHHQ WKH EDFWHULD UHFHSWRUV DQG WKH SRO\PHU
ERXQG YDQFRP\FLQ +RZHYHU WKH SRO\PHUV V\QWKHVL]HG GLG QRW H[KLELW DQ
/&67 SUHVXPDEO\ GXH WR WKH UHODWLYHO\ ODUJH VL]H RI WKH K\GURSKLOLF
YDQFRP\FLQ 1HYHUWKHOHVV WKHVH SUHOLPLQDU\ UHVXOWV UHVHPEOH WKH















FRQWUROOHG E\ WKHUPRUHVSRQVLYH JO\FRSRO\PHUV DV WKH ILUVW VWHS WRZDUG
UREXVW DQG UHXVDEOH FHOOVHQVLQJ PDWHULDOV )XUWKHUPRUH LW LV VKRZQ WKDW
SRO\PHU DFWLYLW\ LQ EDFWHULDO DJJOXWLQDWLRQ LV DFKLHYDEOH ZLWK UDWKHU VLPSOH
VXJDUIXQFWLRQDOLW\HPSOR\LQJPXOWLSOHJOXFRVHUHVLGXHVDEOHWRFRQWUROFHOO






ZHUH IURP 6LJPD RU &DPEULGJH ,VRWRSHV 1LVRSURS\ODFU\ODPLGH 1,3$0
6LJPD ZDV UHFU\VWDOOL]HG IURP KH[DQH $]RELVLVREXW\OQLWULOH $,%1
)LVKHU ZDV UHFU\VWDOOLVHG IURP HWKDQRO 1K\GUR[\HWK\O PHWKDFU\ODPLGH
+(0LGH DQG DFU\ODPLGR 1KH[DQRLF DFLG $$ ZHUH V\QWKHVLVHG
DFFRUGLQJ WR SUHYLRXVO\ SXEOLVKHG SURFHGXUHV > @ %HWD'JOXFRVH
SHQWDDFHWDWH $F*OF DQG PHWK\O DOSKD'JOXFRS\UDQRVLGH 0H*OF ZHUH
SXUFKDVHG IURP $OID $HVDU'*OXFRVDPLQH +&O *OF1 ZDV SXUFKDVHG
IURP )OXND 'LDO\VLV PHPEUDQHV ZHUH IURP 6SHFWUDSRU *HO 3HUPHDWLRQ




RQ XQLYHUVDO FDOLEUDWLRQ PHWKRG XVLQJ SRO\VW\UHQH VWDQGDUGV
7HWUDKDK\GURIXUDQ7+)ZDVXVHGDVWKHPRELOHSKDVHZLWKWROXHQHWUDFHDV
PDUNHU+105VSHFWUDZHUHUHFRUGHGRQD%UXNHU0+]VSHFWURPHWHU
&ORXG SRLQW PHDVXUHPHQWV ZHUH PHDVXUHG E\ XVLQJ D %HFNPDQ '8 
899LV VSHFWURSKRWRPHWHU HTXLSSHG ZLWK D WKHUPRVWDW XQLW )OXRUHVFHQFH
VSHFWURPHWU\ ZDV FDUULHG RXW XVLQJ D 9DULDQ &DU\ (FOLSVH IOXRUHVFHQFH
VSHFWURSKRWRPHWHU HTXLSSHG ZLWK D SHOWLHU DSSDUDWXV IRU WHPSHUDWXUH
FRQWURO 7KH .%U PHWKRG ZDV XVHG IRU )7,5 VDPSOHV SUHSDUDWLRQ ZKLFK
ZHUHH[DPLQHGRQD3HUNLQ(OPHU3DUDJRQ)7,5 LQVWUXPHQW$1LNRQ
RSWLFDO PLFURVFRSH HTXLSSHG ZLWK D FDPHUD FRQQHFWHG WR D SHUVRQDO
FRPSXWHU ZDV XVHG IRU RSWLFDO PLFURVFRS\ VWXGLHV $GREH 3KRWRVKRS &6

























UDWLRV  ZHUH GLVVROYHG LQ 7+)  JP/  HTXLYDOHQW $,%1 ZDV
DGGHGLQWKHIODVNIROORZHGE\WKUHHIUHH]HWKDZF\FOHVXVLQJDYDFXXPOLQH
7KHIODVNZDVSODFHGLQDQRLOEDWKDWR&IRUKRXUV$IWHUFRROLQJGRZQ
WR URRP WHPSHUDWXUH WKH SRO\PHU ZDV LVRODWHG E\ GRXEOH SUHFLSLWDWLRQ LQ
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3RO\PHU D  J DQG $F*OF  J ZHUH DGGHG WR D URXQG ERWWRP IODVN
SUHYLRXVO\ SXUJHG ZLWK 1 FRQWDLQLQJ  P/ DQK\GURXV
&KORURIRUP'LFKORURPHWKDQHYYP/DQGPROHFXODUVLHYHV$
J%)(W2  P/ LQ &+&O P/ ZDV WKHQ DGGHG GURSZLVH YLD D JODVV
V\ULQJH7KH UHDFWLRQ ZDV FRQWLQXHG XQGHUQLWURJHQ DW  R& IRU  PLQXWHV
DQG WKHQ OHIW VWLUULQJ DW URRP WHPSHUDWXUH IRU  KRXUV 7KHQ WKH UHDFWLRQ
PL[WXUHZDVILOWHUHGDQGWKHVROYHQWZDVUHPRYHGE\URWDU\HYDSRUDWRU7KH
UHVLGXDO PDWHULDO ZDV WKHQ GLVVROYHG LQ D VPDOO DPRXQW RI PHWKDQRO DQG
SUHFLSLWDWHG LQH[FHVVGLHWK\OHWKHU WZLFH WRDIIRUG WKHSRO\PHUDVD\HOORZ
SRZGHUJ\LHOG
3'HSURWHFWLRQRI$F*OFLLL
3RO\PHU E  J ZDV GLVVROYHG LQ DQK\GURXV PHWKDQRO  P/ DQG OHIW
VWLUULQJ XQGHU D QLWURJHQ DWPRVSKHUH $ SUHYLRXVO\ SUHSDUHG VROXWLRQ RI
1D20HLQDQK\GURXVPHWKDQROP/0ZDVDGGHGWKURXJKDV\ULQJH
DQGWKHUHDFWLRQPL[WXUHZDVOHIWVWLUULQJIRUPLQXWHV,RQH[FKDQJHUHVLQ
'2:(; : ZDV DGGHG WR QHXWUDOLVH IROORZHG E\ ILOWUDWLRQ 7KH
SRO\PHUZDVUHFRYHUHGE\SUHFLSLWDWLRQ LQGLHWK\OHWKHUDVDZKLWHSRZGHU




('&  PJ DQG1+6 PJ7KHUHDFWLRQ PL[WXUHZDV NHSW LQ DQ LFH
EDWKXQGHUYLJRURXVVWLUULQJDQGDVROXWLRQRI*OF1PJP/P/LQ







/&67 WXUELGLW\ DVVD\V ZHUH SHUIRUPHG E\ PHDVXULQJ WKH DEVRUEDQFH RI





WKH SRO\PHUV >@ $QWKURQH  PPRO  PJ ZDV ILUVW GLVVROYHG LQ
DEVROXWHHWKDQRO P/DQG WKHQFRQFHQWUDWHG+62 ZDVDGGHGWR
EULQJWKHVROXWLRQDWP/ZKLFKZDVNHSW LQWKHGDUNDWR&VROXWLRQ,
)RXU VWDQGDUG JOXFRVH RU JOXFRVDPLQH GHSHQGLQJ ZKHWKHU WKH DVVD\











3%$  P0 LQ JO\FLQH EXIIHU S+  ZDV SUHSDUHG VROXWLRQ ,,, $
FDOLEUDWLRQ FXUYH ZDV FRQVWUXFWHG E\ SUHSDULQJ PHWK\ODOSKDJOXFRVH
VWDQGDUGV RI NQRZQ FRQFHQWUDWLRQ         P0
XVLQJ,,,)OXRUHVFHQFHLQWHQVLW\ZDVPHDVXUHGDWQPH[FLWDWLRQHQHUJ\
























VHFRQGV DQG WUDQVIHUUHG WR D  P/ TXDUW] FXYHWWH  FP SDWK OHQJWK
DEVRUEDQFH $ DW  QP ZDV PHDVXUHG ZLWK WLPH RYHU  PLQXWHV 7KHQ
WKH SRO\PHUOHFWLQ FRPSOH[HV ZHUH FHQWULIXJHG LQ RUGHU WR LVRODWH WKH
SRO\PHUERXQGOHFWLQIURPWKHSRO\PHUSURWHLQFRPSOH[HV7KHVXSHUQDWDQW
ZDVGHFDQWHGDQGUHSODFHGZLWKDIUHVKO\SUHSDUHGJOXFRVHVROXWLRQ0
JOXFRVH LQ EXIIHU  Ǎ/ WR GLVVROYH WKH SRO\PHU ERXQG OHFWLQ 7KH ODWWHU




QP+HQFH WKHDEVROXWHDPRXQW RI OHFWLQSHUVWDQGDUGSRO\PHUPDVVFRXOG
EHGHWHUPLQHG7KHFDOLEUDWLRQFXUYHXVHGWRTXDQWLI\WKHOHFWLQHQWUDSPHQW
LVJLYHQEHORZ





WKDWZDVVXEVHTXHQWO\GHULYDWL]HGSRVWSRO\PHUL]DWLRQ WRSURGXFH WKH ILQDO
PDWHULDO
1,3$0ZDVFKRVHQDVWKHWKHUPRUHVSRQVLYHPRLHW\DVLWJLYHVSRO\PHUVWKDW
H[KLELW VKDUS ORZHU FULWLFDO WUDQVLWLRQ WHPSHUDWXUH DW  R& ZKLFK LV QHDU





7KH SUHFXUVRU SRO\PHU SRO\1,3$0FR+(0LGH ZDV ILUVW SURGXFHG E\
PHDQVRI IUHHUDGLFDOSRO\PHUL]DWLRQXVLQJ$,%1DV LQLWLDWRU7KHUHVXOWLQJ
SRO\PHU ZDV UHFRYHUHG LQ KLJK \LHOGV ZKLFK ZDV WKHQ PRGLILHG ZLWK
SHUDFHW\ODWHG ǃ'JOXFRVH XQGHU /HZLV DFLG FRQGLWLRQV 7KH PHFKDQLVP RI
WKLV UHDFWLRQ DOORZV VWHUHRFKHPLFDO FRQWURO RYHU WKH ILQDO SURGXFW 7KH
%)(W2 DFWLYDWHV WKH FDUERQ\O DW WKH DQRPHULF SRVLWLRQ ZKLFK DFWV DV D
OHDYLQJJURXS7KHF\FOLFR[RQLXPLRQZKLFKLVIRUPHGE\WKHLQYROYHPHQW
RIWKHFDUERQ\OSURWHFWLQJJURXSDWWKHSRVLWLRQLVVWDELOLVHGE\F\FOL]DWLRQ
7KHQ WKH K\GUR[\O QXFOHRSKLOH RI WKH +(0$P PRQRPHU RSHQV WKH F\FOLF
&KDSWHU  5HVXOWVDQG'LVFXVVLRQ
 


















)LJXUH  5HDFWLRQ PHFKDQLVP RI WKH DQRPHULF  2+ ZLWK D QXFOHRSKLOH
XQGHUDFLGLFFRQGLWLRQV
,W PXVW EH QRWHG WKDW JHQHUDOO\ WKLV UHDFWLRQ H[KLELWV KLJK VWHUHRVHOHFWLYLW\


































7KH GHSURWHFWLRQ UHDFWLRQ SURFHHGV LQ D FDWDO\WLF PDQQHU DQG DIIRUGV
FRPSOHWHGHSURWHFWLRQRIWKHVXJDUVDVHYLGHQFHGE\+105ZKLFKVKRZHG
FRPSOHWHUHPRYDORIWKHDFHWDWHSURWHFWLQJJURXSV
,QLWLDO H[SHULPHQWV LQYROYHG WKH V\QWKHVLV RI WKH JOXFRV\OR[\HWK\O
PHWKDFU\ODWHPRQRPHUDQGLWVXVHDVDFRPRQRPHUZLWK1,3$0WRSURGXFH
WKHUPRUHVSRQVLYH JO\FRSRO\PHUV 7KH V\QWKHVLV ZRXOG LQYROYH VLPLODU
FRQGLWLRQVDVWKRVHXVHGIRUWKHJO\FRV\ODWLRQRIWKH3SUHFXUVRUVLQRUGHU
WRSURGXFHWKHGHVLUHGPRQRPHUEXWZDVKDPSHUHGGXHWRSDUWLDOK\GURO\VLV
RI WKH PRQRPHU GXULQJ WKH ILQDO GHSURWHFWLRQ VWHS ,Q IHDU WKDW WKLV ZRXOG
DOVR KDSSHQ LQ FDVH RI GHSURWHFWLRQ RI D PHWKDFU\ODWH SUHFXUVRU SRO\PHU
V\QWKHVLV RI WKH +(0LGH LQVWHDG RI WKH FRPHFULDOO\ DYDLODEOH K\GUR[\HWK\O
PHWKDFU\ODWH ZDV MXGJHG DVPRUH GHVLUDEOH7KH PHWKDFU\ODPLGH EDFNERQH
RIWKHSRO\PHULVVWDEOHXQGHUWKHGHSURWHFWLRQVWHSDQGDOVRSURYLGHVPRUH




7KH V\QWKHVLV RI 3 LQYROYHG WKH FRSRO\PHUL]DWLRQ RI Q
LVRSURS\ODFU\ODPLGHZLWK1FDUER[\OKH[\ODFU\ODPLGH7KHPRQRPHULVQRW
FRPPHUFLDOO\ DYDLODEOH DQG ZDV V\QWKHVLVHG DFFRUGLQJ WR SUHYLRXVO\
SXEOLVKHG PHWKRG ,W ZDV HQYLVDJHG WKDW WKH ORQJ DON\O FKDLQ RI WKH


































)LJXUH  $PLGH IRUPDWLRQ YLD FDUERGLLPLGH FRXSOLQJ FDUER[\ODWH 
DWWDFNV WKH GLLPLGH  WKDW KDV DQ HOHFWURQGHILFLHQW FDUERQ DQG IRUPV WKH


























PRQRPHUV DIWHU SRO\PHUL]DWLRQ DQG WKH GHJUHH RI VXJDU GHULYDWLVDWLRQ IRU








































+ 105 FRQILUPHG WKH LQLWLDO UDWLRV XVHG LQ WKH SRO\PHUL]DWLRQ PL[WXUH
,QWHJUDWLRQRIWKHLVRSURS\OSURWRQSHDNSHDNHDQGWKHPHWK\OHQHSURWRQV
RI WKH +(0LGH SHDNV I DQG J PRQRPHU VKRZHG WKDW WKHUH ZDV QR ELDV
WRZDUGVDQ\RIWKHSRO\PHUVGXULQJSRO\PHUL]DWLRQ,WZDVDOVRSRVVLEOHWR
WUDFHWKHVWURQJVLJQDORIWKHDFHWDWHSURWHFWLQJJURXSVRIWKHVXJDUK\GUR[\OV
DW  SSP ZKLFK ZDV DEVHQW LQ WKH ILQDO SURGXFW WKXV HQVXULQJ WKH
FRPSOHWLRQ RI WKH GHSURWHFWLRQ VWHS $OVR LW ZDV SRVVLEOH WR TXDQWLI\ WKH
GHJUHHRIVXJDUGHULYDWL]DWLRQE\LQWHJUDWLQJWKHVLJQDOSHDNRIWKHDQRPHULF
SURWRQDWSSPDJDLQVWWKHHWK\OHQHSURWRQVRIWKH+(0LGHPRLHW\RUWKH
LVRSURS\O SURWRQ RI 1,3$0 +RZHYHU OLPLWHG DFFXUDF\ FRXOG EH DFKLHYHG
GXHWRWKHORZLQWHQVLW\RIWKHDQRPHULFSHDN
4XDOLWDWLYH PRQLWRULQJ RI WKH VXJDU GHULYDWL]DWLRQ ZDV DOVR FRQGXFWHG E\
)7,57KHDSSHDUDQFHRIWKHSHDNDWFPFRUUHVSRQGVWRWKHVWUHWFKLQJ
RIWKHDFHWDWH& 2ERQGRIWKHSURWHFWLQJVXJDUJURXSVDWWDFKHGWRWKH

















































FP & 2 DPLGH  FP 1+ DPLGH E  FP 2+  FP




























































$$ $JDLQ WKH ILQDO PRQRPHU UDWLRV FRLQFLGHG ZHOO ZLWK WKH VWDUWLQJ
PRQRPHU UDWLRV XVHG KHQFH FRQILUPLQJ DEVHQFH RI ELDV WRZDUGV DQ\ RI WKH
PRQRPHUV :H ZHUH DOVR DEOH WR DVVLJQ PRVW RI WKH SURWRQV RI WKH DPLQR
VXJDUDWWDFKHGRQWKHSRO\PHUDQGTXDQWLI\LWE\LQWHJUDWLQJUHODWLYHWRWKH
LVRSURS\OSURWRQRI1,3$0WRR6LPLODUZRUNE\3ROL]]RWWLDQG.LLFN>@RQ
SRO\JOXWDPLF DFLG SRO\PHUV GHULYDWL]HG E\ DPLQRVXJDUV DVVLVWHG WR WKH
DFFXUDWH DVVLJQPHQW RI WKH VXJDU SHDNV RQ WKH + 105 VSHFWUXP RI 3
SHDNVSTDQGN
)7,5RIWKHGHULYDWL]HGSURGXFWVKRZVUHGXFWLRQRIWKH& 2VWUHWFKLQJSHDN




7KH IDFW WKDW IRUERWKSRO\PHUV WKHVXJDUVLJQDOVZHUHUHODWLYHO\ORZRWKHU
PHWKRGV KDG WR EH HPSOR\HG WR VXSSRUW WKH TXDQWLILFDWLRQ UHVXOWV WKDW +
105SURYLGHG:HWKHUHIRUHXVHGWKHDQWKURQHDVVD\ZKLFKLVDZHOONQRZQ
PHWKRG WR WUDFH VXJDUV DFFXUDWHO\ DQG ZLWK KLJK VHQVLWLYLW\ 7KH XVH RI
DQWKURQH WR GHWHFW VXJDUV ZDV ILUVWO\ GHPRQVWUDWHG E\ 5RH LQ  LQ DQ
HIIRUW WR PHDVXUH VXJDU OHYHOV LQ EORRG DQG VSLQDO IOXLG >@ 5HDFWLRQ RI
VXJDUVZLWKDVWURQJDFLGVXFKDVVXOIXULFDFLGDQGKHDWLQJFDXVHVK\GURO\VLV
RIWKHVXJDUVWRJLYHIXUIXUDOGHK\GHSURGXFWV7KHODWWHUVXEVHTXHQWO\UHDFW
ZLWK DQWKURQH DQG JLYH FRORUHG SURGXFWV ZKLFK DUH HDV\ WR TXDQWLI\ E\
899LV VSHFWURVFRS\ ,W VKRXOG EH PHQWLRQHG WKDW WKH PHWKRG LV KLJKO\





DWWDFKHG VXJDUV GLIIHU DW WKHLU OLQNLQJ SRVLWLRQ ZLWK WKH SRO\PHU EDFNERQH
%DVHG RQ WKH FDOLEUDWLRQ FXUYHV HTXDWLRQV  DQG  LW ZDV SRVVLEOH WR
WUDFHWKHVXJDUFRQWHQWRIHDFKSRO\PHU




























@>  *OF$    5  $IRU3ZDV HT
@>  *OF1$    5  $IRU3ZDV HT
$WKLUGDVVD\WRGHWHFWWKHGHJUHHRIVXJDUGHULYDWL]DWLRQZKLFKLVEDVHGRQD
ERURQLF DFLG DQG D GLROFRQWDLQLQJ G\H ZDV XVHG %RURQLF DFLGV DUH ZHOO
NQRZQ WR ELQG FRYDOHQWO\ DQG UHYHUVLEO\ WR FLVGLROV DQG KDYH EHHQ
H[WHQVLYHO\XVHGLQWKHSDVWDVVXJDUVHQVRUV>@,QVROXWLRQDERURQLFDFLG
VXFKDVSKHQ\OERURQLFDFLGDQGDGLROFRQWDLQLQJPROHFXOHVXFKDVJOXFRVH
HVWDEOLVK DQ HTXLOLEULXP DQG IRUP WKH DFLGLF ERURQDWH HVWHU >@ :H
H[SORLWHG WKLV SULQFLSOH LQ RUGHU WR GHWHFW WKH GLROFRQWDLQLQJ VXJDUV RQ WKH
SRO\PHUV DV IROORZV :H HVWDEOLVK DQ HTXLOLEULXP WKDW FRQVLVWV RI
SKHQ\OERURQLFDFLGWKHSRO\PHUERXQGVXJDUVDQG$OL]DULQ5HG67KHODWWHU
LV LQKHUHQWO\ D QRQIOXRUHVFHQW G\H WKDW VWURQJO\ IOXRUHVFHV ZKHQ D ERURQLF
DFLG ELQGV WR WKH FDWHFKRO GLRO >@ 7KH IOXRUHVFHQFH LQWHQVLW\ RI WKH QRQ
TXHQFKHG G\H WKDW LV VXJDUERXQGG\H FDQ EH GLUHFWO\ FRUUHODWHG WR VXJDU
FRQFHQWUDWLRQVLQVROXWLRQ+HQFHZHFDQFRQVWUXFWFDOLEUDWLRQFXUYHVEDVHG
RQ YDU\LQJ FRQFHQWUDWLRQV RI VXJDUV EDVHG RQ VWDQGDUG G\H FRQFHQWUDWLRQ
6XEVHTXHQWO\ E\ HVWDEOLVKLQJ DQ HTXLOLEULXP EHWZHHQ D VWDQGDUG SRO\PHU
FRQFHQWUDWLRQWKHSKHQ\OERURQLFDFLGDQGWKHG\HLW LVSRVVLEOHWRTXDQWLI\
WKHGHJUHHRIVXJDUGHULYDWL]DWLRQRIWKHPDWHULDOVV\QWKHVLVHG








 $5DVVD\ $QWKURQHDVVD\ +105 0HDQ!
3    










PROHFXOHV ERXQG ZLWK WKH SRO\PHU FKDLQ DUH UHOHDVHG DV VKRZQ
VFKHPDWLFDOO\ DW ILJXUH  7KH SURFHVV LV HQGRWKHUPLF DQG GULYHQ E\
LQFUHDVH RI HQWURS\ DV ZDWHU PROHFXOHV HVFDSH WR EXON VROYHQW $W ORZ
WHPSHUDWXUHV WKH K\GURJHQ ERQGLQJ EHWZHHQ ZDWHU PROHFXOHV DQG WKH
K\GURSKLOLF JURXSV LH DPLGH JURXSRXWZHLJKV WKH H[FHVV RI IUHH HQHUJ\
UHODWHGWRWKHH[SRVXUHRIWKHK\GURSKRELFJURXSVLHLVRSURS\OPRLHW\WR
ZDWHU OHDGLQJ WR LQFUHDVHG VROXELOLW\ RI WKH SRO\PHU &RQYHUVHO\ DW KLJKHU
WHPSHUDWXUHV WKDW LV DERYH /&67 K\GURJHQ ERQGLQJ ZHDNHQV DQG WKH
K\GURSKRELF LQWHUDFWLRQV DUH GRPLQDQW OHDGLQJ WR SKDVH VHSDUDWLRQ DQG
SRO\PHUFROODSVH
7KH FRSRO\PHUL]DWLRQ RI 1,3$0 ZLWK RWKHU K\GURSKLOLF DQGRU
K\GURSKRELF PRQRPHUV KDV DOUHDG\ EHHQ UHSRUWHG WR DOWHU WKH
SK\VLFRFKHPLFDO EHKDYLRU LQ DTXHRXV HQYLURQPHQWV >@ ,W LV ZHOO NQRZQ
WKDW WKH SUHVHQFH RI D K\GURSKRELF XQLW LQ WKH SRO\PHU FKDLQ DORQJ ZLWK
1,3$0 SURPRWHV WKH GHFUHDVH RI WKH /&67 ZKHUHDV K\GURSKLOLF JURXSV
KDYH WKH RSSRVLWH HIIHFW 7KH PHFKDQLVP IRU WKLV LV WKDW WKH K\GURSKRELF
LQWHUDFWLRQV ZKLFK DUH WKH GULYLQJ IRUFHV IRU WKH SKDVH VHSDUDWLRQ DV
GHVFULEHG SUHYLRXVO\ DUH DPSOLILHG DW KLJK WHPSHUDWXUHV GXH WR WKH OHVV
RUGHUHG ZDWHU PROHFXOHV DURXQG WKH K\GURSKRELF GRPDLQV ,W KDV EHHQ
SURSRVHG WKDW /&67 GHSHQGV RQ WKH RYHUDOO K\GURSKLOLFLW\ RI WKH SRO\PHU
UDWKHUWKDQWKHK\GURSKLOLFLW\RILQGLYLGXDOFRPRQRPHUV>@
%RWK SRO\PHUV H[KLELW /&67V VOLJKWO\ DERYHSK\VLRORJLFDO WHPSHUDWXUH GXH
WRWKHLQWURGXFWLRQRIWKHPRUHK\GURSKLOLFVXJDUVHJPHQWV6LQFHWKH/&67





FORXG SRLQWV RI 3 DQG 3 ZLWK WKHLU SUHFXUVRUV %URDGHQLQJ RI /&67
UHVSRQVH RI D ZDV REVHUYHG GXH WR WKH LQWURGXFWLRQ RI WKH EXON\ $F*OF
PRLHW\ E D VOLJKW VKDUSHQLQJ RI /&67 UHVSRQVH ZDV REVHUYHG DIWHU
GHDFHW\ODWLRQ36LQFHDULWKPHWLFUDWLRVRIWKHFRPRQRPHULFXQLWVRIWKH
EDFNERQHUHPDLQHGFRQVWDQWWKURXJKRXWWKHGHULYDWL]DWLRQQRGLIIHUHQFHLQ
/&67 RQVHW ZDV REVHUYHG %URDG /&67 IRU D ZDV PDLQO\ DWWULEXWHG WR
DVVRFLDWLRQRIFDUER[\OJURXSVDVVKRZQLQILJXUHVDQG,WLVZRUWK
PHQWLRQLQJ WKDW LQWURGXFWLRQ RI LRQLVDEOH PRQRPHUV VXFK DV $$ WR WKH
SRO\PHUFKDLQZLOO UHQGHU WKHSRO\PHUS+UHVSRQVLYH7KLVPHDQV WKDW WKH
/&67RIWKHSRO\PHUFDQEHWXQHGE\YDU\LQJWKHS+RIWKHDTXHRXVVROXWLRQ
KRZHYHU WKLV HIIHFW ZDV QRW LQYHVWLJDWHG LQ GHWDLO LQ WKLV VWXG\ 3UHYLRXV
VWXGLHVWKRXJKKDYHFODULILHGWKHUROHRIERWKWKHK\GURSKRELFDON\OVSDFHUV
LH HWK\O DQG KH[\O JURXSV RQ +(0LGH DQG $$ PRQRPHUV DQG WKH
LRQL]DEOH JURXSV LH FDUER[\O JURXSV RQ $$ RQ WKH RYHUDOO SKDVH
WUDQVLWLRQ EHKDYLRXU 6PDOO VSDFHUV VHHP WR KDYH QHJOLJLEOH HIIHFW RQ WKH





LQFUHDVHRI WKH/&67 LVREVHUYHG ,QWHUHVWLQJO\ LQ WKHFDVHRI3 WKH ORQJ
DON\O VSDFHU RI $$  FDUERQV QR GHFUHDVH RI /&67 LV REVHUYHG DQG WKH
/&67LVUDWKHUKLJKHUWKDQWKDWRISRO\1,3$0KRPRSRO\PHU7KHFDUER[\O




FDUER[\OPRLHWLHVZLOO VWLOOEH LQDQRQLRQL]HGVWDWH FDDQG LQWHUFKDLQ
K\GURJHQERQGLQJRFFXUVZKLFKLVWKHUHDVRQRIWKHVLJQLILFDQWEURDGHQLQJ
RI WKH/&67RQVHW$VH[SHFWHG LQ3ZKHUHPRVWRI WKHFDUER[\OJURXSV
&KDSWHU  5HVXOWVDQG'LVFXVVLRQ
 
KDYH EHHQ FDSSHG ZLWK VXJDU PROHFXOHV EURDGHQLQJ RI WKH /&67 RQVHW LV
WRWDOO\ HOLPLQDWHG DQG VKDUS SKDVH WUDQVLWLRQ LV DOVR REVHUYHG ([SHFWHG
/&67VKLIWZDVREVHUYHGGXHWRWKHK\GURSKLOLFQDWXUHRI*OF1ILJXUH
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$QLRQV FDQ DOVR DOWHU WKH K\GURSKRELF LQWHUDFWLRQV RI WKH LVRSURS\O JURXS




EHWZHHQ ZDWHU PROHFXOHV DQG WKH K\GURSKLOLF VHJPHQWV RI WKH SRO\PHUV
QDPHO\WKHDPLGHJURXSZKLFKLVWKHUHDVRQRIWKHORZHULQJRIWKH/&67,W
VKRXOG DOVR EH QRWHG WKDW WKH /&67V REVHUYHG UHSUHVHQW WKH ORZHU SKDVH
WUDQVLWLRQ RI WKH SRO\PHU LQ VDOWULFK HQYLURQPHQW VLQFH DW KLJKHU VDOW










:H K\SRWKHVLVHG WKDW WKH UHYHUVLEOH SKDVH WUDQVLWLRQ WKDW RFFXUV LQ WKH
WKHUPDOGHSHQGHQW PDQQHU FRXOG IDFLOLWDWH ´RQRIIµ OLNH DFWLYLW\ RI WKH
SRO\PHUV $W WHPSHUDWXUHV ORZHU WKDQ WKH /&67 WKH SRO\PHUV H[LVW DV




LQDFWLYH 7KHUHIRUH DQ DVVD\ KDG WR EH GHYHORSHG WR GHPRQVWUDWH WKLV
SULQFLSOHRIUHYHUVLEOHDFWLYLW\RIWKHSRO\PHUVLQDTXHRXVVROXWLRQV





DFLG ZKLFK H[KLELWV GLROVSHFLILF ELQGLQJ SURSHUWLHV ZLWK VXJDUV 7KH WKUHH







































LQ DONDOLQH FRQGLWLRQV 7KH FRYDOHQW EXW UHYHUVLEOH LQ UHVSRQVH WR S+ >@
DQGWHPSHUDWXUH>@ELQGLQJRI3%$ZLWKWKHFDWHFKROGLROJURXSVLQGXFHV
HPLVVLRQDWQP7KHLQWURGXFWLRQRIJOXFRVHZKLFKKDVKLJKDIILQLW\ WR
3%$ LQ WKH SRO\PHU UHVXOWV LQ FRPSHWLWLRQ IRU GLROELQGLQJ VLWHV RQ 3%$
EHWZHHQ $5 DQG SRO\PHUERXQG JOXFRVH %LQGLQJ RI JOXFRVH WR 3%$ ZDV
WKXVPRQLWRUHGE\YDULDWLRQVLQWKH$53%$FRPSOH[IOXRUHVFHQFHLQWHQVLW\
DV WKH FRQFHQWUDWLRQ RI JOXFRVH IURP WKH JO\FRSRO\PHU FKDQJHG 7KH
SRO\PHUERXQG JOXFRVH UHDFWHG ZLWK 3%$ ZKHQ WKH SRO\PHU ZDV LQ D
VROXEOH SKDVH 7 /&67 DV VKRZQ E\ UHGXFWLRQ LQ $53%$ FRPSOH[
IOXRUHVFHQFHLQWHQVLW\%\FRQWUDVWDQLQFUHDVHGIOXRUHVFHQFHLQWHQVLW\RIWKH
$53%$ FRPSOH[ ZDV REVHUYHG DW 7!/&67 ZKHQ WKH SRO\PHU ZDV LQ D
JOREXODU VWDWH DQG WKH JOXFRVH UHVLGXHV ZHUH QRW DYDLODEOH IRU FRPSHWLWLYH
ELQGLQJZLWK$5IRU3%$
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)LJXUH  )OXRUHVFHQFH VSHFWUD RI 3 DQG 3 XVLQJ $5 DQG 3%$ LQ
JO\FLQHEXIIHU0S+
































WKH\ VWXGLHG WKH UHOHDVH RI GLROV IURP D FRSRO\PHU PLJURJHO V\VWHP WKDW
FRQVLVWHG RI 1,3$0 DV WKH WKHUPRUHVSRQVLYH XQLW DQG
DFU\ODPLGRSKHQ\OERURQLFDFLGDVWKHGLROELQGLQJPRLHW\>@,QWKLVZRUN
JOXFRVH RU $5 FRXOG EH ORDGHG DQG UHOHDVHG IURP WKH PLFURJHO LQ D
WHPSHUDWXUH GHSHQGHQW PDQQHU 7KH FRORULPHWULF FKDQJH RI D PLFURJHO
VXVSHQVLRQ FRQWDLQLQJ $5 DV WKH ODWWHU ZDV UHOHDVHG IURP WKH PLFURJHO




$FWXDOO\ WKH DVVD\ LV PDLQO\ EDVHG RQ WKH IDFW WKDW WKH ERURQLF DFLGGLRO
FRPSOH[HVIRUPFODVVLFHTXLOLEULDGHVSLWHWKHFRYDOHQWQDWXUHRIWKHELQGLQJ






























WKH WULJRQDO DQG WHWUDKHGUDO IRUPV ZLOO IRUP ERURQDWH HVWHUV ZKLFK DUH
VOLJKWO\PRUHDFLGLFZKHQLQWHWUDKHGUDOIRUP,WLVDSSDUHQWWKDWWKUHHDFLGV
H[LVWLQHTXLOLEULXPWKHERURQLFDFLGWKHGLROZKLFKKDVS.DURXQGLQWKH








:H WKHUHIRUH UHSHDWHG WKH $5 DVVD\ DV PHQWLRQHG EHIRUH E\ UHSODFLQJ WKH





























































H[SHULPHQW ZDV SHUIRUPHG DW S+  WKDW LV DERYH WKH S. RI 3%$
3DUWLFXODUO\IRU3DPRGHVWLQFUHDVHLQIOXRUHVFHQFHDERYH/&67FRXOGEH
DWWULEXWHGWRVWHULFIDFWRUVDIIHFWLQJWKH*OF13%$FRPSOH[DWLRQDIILQLW\GXH




7KH H[SHULPHQW FRXOG EH UHSHDWHG IRU VHYHUDO WHPSHUDWXUH F\FOHV ZLWK
FRQVLVWHQWRVFLOODWLRQLQIOXRUHVFHQFHLQWHQVLW\IRUERWKSRO\PHUVLQUHVSHFWWR
WHPSHUDWXUH WKXV GHPRQVWUDWLQJ WKH UHYHUVLEOH ELQGLQJ FKDUDFWHU LQ D
´VZLWFKDEOHµPDQQHU

)LQDOO\ D VHULHV RI FRQWURO H[SHULPHQWV ZHUH FRQGXFWHG WR HQVXUH WKH
VSHFLILFLW\ RI WKH LQWHUDFWLRQ LQ UHVSRQVH WR WHPSHUDWXUH $5 ZLWK 3%$ EXW




6SHFWUD RI SRO\PHU VDPSOHV ZLWK $5 EXW QR 3%$ ZHUH DOVR UHFRUGHG DV




&DUHIXO DWWHQWLRQ ZDV SDLG WR WKH FRQWURO H[SHULPHQW XVLQJ SRO\1,3$0
KRPRSRO\PHU LQSUHVHQFHRIDOL]DULQDQG3%$6WXGLHVRQ WKHEHKDYLRXURI
VPDOO IOXRURSKRUHV LQ SUHVHQFH RI WKHUPRUHVSRQVLYH SRO\PHUV KDYH VKRZQ
WKDWWKHIOXRUHVFHQFHSURSHUWLHVRIVXFKFRPSRXQGVDUHGUDPDWLFDOO\DIIHFWHG






IRUPLQJ K\GURSKRELF JOREXOHV DV ZDWHU LV EHLQJ H[SHOOHG GXULQJ FRLOWR
JOREXOH WUDQVLWLRQ 7KH VSDULQJO\ VROXEOH G\H FDQ WKXV EH WUDSSHG LQ WKHVH
UHJLRQV GXH WR WKHLU K\GURSKRELF QDWXUH DQG WKHUHIRUH VXSSUHVV WKH
TXHQFKLQJRIWKHVROYHQW>@7KHUHIRUHLQDSRO\PHUULFKPLFURHQYLURQPHQW
WKH HPLVVLRQ FDSDFLW\ RI DOL]DULQ FRXOG EH VLJQLILFDQWO\ DIIHFWHG E\ WKHVH
HYHQWV WKDW DUH QRW UHODWHG WR WKH VSHFLILF ELQGLQJ RI 3%$ WR WKH G\H
)RUWXQDWHO\ LQ GLOXWH SRO\PHU VROXWLRQ RQO\ PLQRU IOXRUHVFHQFH LQWHQVLW\






















































































































































IOXRUHVFHQFH PD[LPD RI DOL]DULQ UHG $5 DW  QP ZLWK DQG ZLWKRXW





*O\FRSRO\PHUV KDYH EHHQ XVHG LQ WKH SDVW WR VWXG\ WKH PXOWLYDOHQW
LQWHUDFWLRQVRIVXJDUVZLWKOHFWLQV/HFWLQVDUHFDUERK\GUDWHELQGLQJSURWHLQV
IRXQGLQPRVWOLYLQJRUJDQLVPV>@:HVRXJKWWRXVH&RQ$IRUWKLVVWXG\
DV LW KDV KLJK VSHFLILFLW\ IRU JOXFRVH >@ DQG PDQQRVH >@ DQG WKHUHIRUH
ZRXOGVHUYHDVDUHOHYDQWELRORJLFDOPRGHOKRVWWRVWXG\WKHELRUHFRJQLWLRQ




RI ODUJH FRPSOH[HV WKDW FRQVLVW RI JO\FRSRO\PHUV ERXQG WR WKH PXOWLSOH
FDUERK\GUDWHELQGLQJVLWHVILJXUH>@

,Q RWKHU ZRUGV WKH OHFWLQ DFWV DV D SVHXGRFURVVOLQNHU DQG JUDGXDOO\ WKH




,W FDQ EH VHHQ WKDW ODUJH SRO\PHUOHFWLQ FRPSOH[HV DUH IRUPHG ZLWK WLPH
SURJUHVVLRQ7KHVHFRPSOH[HVDUHFRQVLGHUHGWREHSDUWLDOO\VROYDWHGDQGQR
FRPSOHWH SUHFLSLWDWLRQ LV REVHUYHG XQOHVV KLJK PROHFXODU ZHLJKW SRO\PHUV
DUHXVHGWKDWFDQSURPRWHTXDQWLWDWLYHOHFWLQSUHFLSLWDWLRQ>@)RUH[DPSOH
/DGPLUDO HW DO WHVWHG D OLEUDU\ RI PDQQRVH FRQWDLQLQJ SRO\PHUV IRU WKHLU
















7KH VROXEOH OHFWLQ FRXOG WKHQ EH GHWHFWHG E\ 899LV E\ PHDVXULQJ WKH
DEVRUEDQFHDWQP$VH[SHFWHG3DQG3FRXOGDJJOXWLQDWHVLPLODU
DPRXQWV RI OHFWLQ ILJXUH  a ǍJ SHU  PJ RI SRO\PHU 6LPLODU
TXDQWLWDWLYHSUHFLSLWDWLRQVWXGLHVKDYHDOVREHHQSHUIRUPHGE\WKHJURXSVRI
+DGGOHWRQDQG.LHVVOLQJ>@EXWDUHQRWGLUHFWO\FRPSDUDWLYH WRGDWD
KHUH VLQFH WKH\ XVHG PDQQRVHGHFRUDWHG SRO\PHUV RI YDU\LQJ PROHFXODU
ZHLJKWVDQGDUFKLWHFWXUHV
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)LJXUH  4XDQWLWDWLYH HVWLPDWLRQ RI SURWHLQ ´VFDYHQJLQJµ E\ SRO\PHUV
3DQG3

















,W VKRXOG EH PHQWLRQHG WKDW WKHUH DUH VHYHUDO IDFWRUV WKDW FDQ VWURQJO\
LQIOXHQFHWKHELQGLQJRIWKHSRO\PHUVWRWKHOHFWLQVVDFFKDULGHELQGLQJVLWHV
VXFK DV WKH VLWH RI VXJDU GHULYDWL]DWLRQ WKH OHQJWK RI WKH OLQNHU WR WKH




$OVR D ORQJHU VSDFHU VWHULFDOO\ IDYRXUV WKH ELQGLQJ HYHQWV DV LW SURYLGHV
LQFUHDVHG GHJUHHV RI IUHHGRP DQG NHHSV WKH VXJDU PRLHW\ DZD\ IURP WKH
SRO\PHUEDFNERQH )LQDOO\WKHVLWHRIVXJDUGHULYDWL]DWLRQLVSLYRWDOWRWKH






VXJDU LV ERXQG WR WKH OHFWLQ DQG WKHUHIRUH DUH SURQH WR GHULYDWL]DWLRQ VLQFH
WKH\ GR QRW DFWLYHO\ SDUWLFLSDWH LQ WKH ELQGLQJ HYHQWV 7KHUHIRUH
GHULYDWL]DWLRQRIJOXFRVHDW&SRVLWLRQLQWKHFDVHRI3DQGJOXFRVDPLQH




+DYLQJ HVWDEOLVKHG WKDW WKH V\QWKHWLF JO\FRFRGH FRXOG EH KLGGHQ DQG
UHYHDOHGE\DWHPSHUDWXUHVZLWFKDOL]DULQDVVD\LQDKLJKO\VSHFLILFPDQQHU
FRQ$DVVD\VZHFDUULHGRXWEDFWHULDOELQGLQJDVVD\VZLWKSRO\PHUV3
DQG 3 DQG D JUHHQ IOXRUHVFHQW SURWHLQWDJJHG (VFKHULFKLD FROL VWUDLQ
0*S*)3 7KLV VWUDLQ SURGXFHV 7\SH  ILPEUDH FRQWDLQLQJ WKH ILP+
SURWHLQWKDWSRVVHVVHVFDUERK\GUDWHUHFRJQLWLRQVLWHV&56ZLWKKLJKDIILQLW\
IRUPDQQRVH.GǍ0DQGJOXFRVH.GP0>@6LPLODUO\WR&RQ$






VLWHV $OVR WKH 2+ DW SRVLWLRQ &GRHV IRUPD K\GURJHQ ERQG ZLWK DQ 1
WHUPLQDODPLQHRIWKHSURWHLQEXWLVQRWGHWULPHQWDOWRWKHRYHUDOOELQGLQJDV
WKHRWKHUK\GUR[\OVVHHPWREHPRVWO\UHVSRQVLEOHIRUWKHVWURQJELQGLQJRI










7KH PRGH RI LQWHUDFWLRQ ZDV SUREHG E\ FRPSHWLWLRQ DVVD\V ZLWK ILP+
OLJDQGV ,QFUHDVLQJ DPRXQWV RI DGGHG JOXFRVH VKRZHG D JUDGXDO GHFOLQH LQ
WKH VL]H RI WKH DJJUHJDWHV IRUPHG ZLWK UHVSHFW WR JOXFRVH FRQFHQWUDWLRQ
LQFUHDVHILJXUH7RWDOLQKLELWLRQRIEDFWHULDOFOXVWHUIRUPDWLRQRFFXUUHG
ZKHQ WKH FRQFHQWUDWLRQ RI DGGHG JOXFRVH LQ WKH SRO\PHUEDFWHULDO







































































$QDORJRXV FRPSHWLWLRQ DVVD\V KDYH EHHQ SHUIRUPHG E\ 'LVQH\ HW DO >@
ZKHUH WKH\ FKDOOHQJHG WKH SRWHQF\ RI PDQQRV\ODWHG IOXRUHVFHQW SRO\PHUV
ZLWK IUHHPDQQRVHXSRQ WKH IRUPDWLRQRIEDFWHULDFOXVWHULQJ7KHYDOXHVRI
PDQQRVH FRQFHQWUDWLRQ WKH\ REWDLQ IRU FRPSOHWH EDFWHULDO FOXVWHULQJ
LQKLELWLRQDUHLQWKHUDQJHRIWHQVRIP0ZKLFKDUHVLJQLILFDQWO\KLJKHUWKDQ








WKHSRO\PHUV LQWHUDFWLRQZLWK WKH &56V IRXQGRQEDFWHULDSLOL ILJXUH
0L[WXUHRI(FROL7RSZKLFKGRHVQRWSURGXFH7\SHILPEULDHZLWK3










DQG SRO\PHUV 3 DQG 3 $GGLWLRQDO FRQWURO DVVD\V ZLWK SUHFXUVRU




7KH NH\ H[SHULPHQW ZDV WR HVWDEOLVK WKH UHYHUVLELOLW\ RI SRO\PHUFHOO
LQWHUDFWLRQV YLD WHPSHUDWXUHPHGLDWHG OLJDQG GLVSOD\ 7KH VWUHQJWK RI
JOXFRVHELQGLQJWRILP+>@LVORZHUWKDQWKDWWR3%$>@.HTIRUWKHGLRO
ERURQDWH HVWHU  0 S+  EXW FUXFLDOO\ WKH DIILQLW\ FRQVWDQW IRU
JOXFRVHILP+ LV ORZHU WKDQ WKDW RI PDQQRVHILP+ WKH SULQFLSDO ELRORJLFDO
WDUJHW VXJDU IRU ( FROL 0* :H WKHUHIRUH K\SRWKHVL]HG WKDW WKH
SRO\YDOHQW LQWHUDFWLRQVRI WKHJOXFRVHSRO\PHUVZRXOGEHVWURQJHQRXJKWR
SURPRWHEDFWHULDODJJUHJDWLRQEHORZ/&67EXWVXIILFLHQWO\ZHDNWRIDFLOLWDWH
UHYHUVLELOLW\ XSRQ DSSOLFDWLRQ RI D WKHUPDO VWLPXOXV VLQFH WKH SRO\PHUV










VXEVHTXHQW PDLQWHQDQFH DW  & VKRZHG QR DJJUHJDWLRQ 7R FORVH WKH








ZHUH IRUPHG EHWZHHQ 3 DQG ( FROL 0*S*)3 FRPSDUHG WR WKRVH
IRUPHG E\ 3 DQG ( FROL 7KLV ZDV PRVW OLNHO\ GXH WR WKH KLJKHU PRODU
PDVV RI 3 0Z a  N'D FRPSDUHG WR 3 0Z a  N'D DQG VXJDU
FRQWHQW a JOXFRVH XQLWV SHU FKDLQ IRU 3 FRPSDUHG WR  IRU 3
+RZHYHULWLVDOVRSUREDEOHWKDWWKHGLIIHUHQWOHQJWKVSDFHUVDQGDWWDFKPHQW
SRVLWLRQV RI WKH JOXFRVH UHVLGXHV LQ FRSRO\PHUV 3 DQG 3 DIIHFWHG
OLJDQGUHFHSWRU DFFHVVLELOLW\ DQG KHQFH H[WHQW RI FHOO LQWHUDFWLRQV ,PDJH
DQDO\VLV FRQILUPHG WKDW3 LQGHHG LQGXFHG ODUJHU EDFWHULDO IRUPDWLRQ EXW
DOVR UHYHDOHG WKDW GXULQJ WHPSHUDWXUH F\FOLQJ SURJUHVVLRQ WKH SRO\PHU










H[SHULPHQWDO VHWXS DV VRPH SRO\PHU PLJKW DGKHUH WR WKH UHODWLYH































RI XVLQJ V\QWKHWLF SRO\PHULF PDWHULDOV IRU EDFWHULDO LQWHUDFWLRQV DUH
QXPHURXVWKHLQWULQVLF´VRIWµQDWXUHRISRO\PHUVFRQIHUVFRPSDWLELOLW\ZLWK
ELRORJLFDO RUJDQHOOHV ZKLOH WKH YDULHW\ DQG IOH[LELOLW\ RI SRO\PHU
DUFKLWHFWXUHVDQGVWUXFWXUHVWKURXJKGHVLJQVXJJHVWVSRO\PHUVFDQEHKLJKO\
HIIHFWLYHPDWHULDOVIRUEDFWHULDPDWWHULQWHUDFWLRQV3RO\PHUIXQFWLRQDOL]DWLRQ
LV UHDGLO\ DFFHVVLEOH DV VKRZQ E\ WKH IDFLOH V\QWKHVHV ZKLOH UHFRJQLWLRQ
SURSHUWLHVRIWKHVXJDUFRPSRQHQWVFDQEHSUREHGE\H[SORLWLQJWKHERURQLF






ZLWKRXW FRPSURPLVLQJ WKH LQWULQVLF WKHUPRUHVSRQVLYH FKDUDFWHU E\ UDWLRQDO
GHVLJQ $GGLWLRQDOO\ WKH VWXG\ VKRZV WKDW ´RQRIIµ EHKDYLRXU RI WKHVH
SRO\PHUVGRHVQRWRQO\H[KLELWWKHUHYHUVLEOHOLJDQGGLVSOD\DWWDFKHGRQWKH
SRO\PHU EXW UDWKHU FRQWUROV PXOWLYDOHQW HYHQWV ZLWK ELRORJLFDO KRVWV LQ D
KLJKO\VSHFLILFDQGUHYHUVLEOHPDQQHU7KHUHIRUHWKHSUHVHQWVWXG\SUREDEO\
VKRZV WKDW WDLORUPDGH ´VPDUWµ SRO\PHUV DLPLQJ DW VSHFLILF LQWHUDFWLRQV
PLJKWEHDPHDQVRIPLPLFNLQJWKHVXEWOHELRORJLFDOSKHQRPHQDWKDWRFFXU
LQ WKH ELRORJLFDO PLFURHQYLURQPHQW LQ RUGHU WR DFKLHYH KLJKO\ VSHFLILF FHOO
VHQVLQJPDWHULDOVIRUSDWKRJHQGHWHFWLRQDQGHOLPLQDWLRQ

3RWHQWLDO H[WHQVLRQ RI WKLV FRQFHSW RI VSHFLILF FHOOSURWHLQ ELQGLQJ RI WKHVH
PDWHULDOV´DWZLOOµFRXOGEHXVHGIRUWKHGHYHORSPHQWRIVPDUWPDWHULDOVQRW
RQO\ IRU FHOO VHQVLQJ DQG ELRPROHFXODU DSSOLFDWLRQV EXW DOVR DV ´VPDUW
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PXOWLYDOHQW LQWHUDFWLRQV E\ ELQGLQJ HSLWRSH GHQVLW\ -RXUQDO RI WKH
$PHULFDQ&KHPLFDO6RFLHW\S
 %HFNHU-:*15HHNH%$&XQQLQJKDPDQG*0(GHOPDQ1HZ
(YLGHQFH RQ /RFDWLRQ RI 6DFFKDULGH%LQGLQJ 6LWH RI &RQFDQDYDOLQ$
1DWXUHS
 %RXFNDHUW - - %HUJOXQG 0 6FKHPEUL ( 'H *HQVW / &RROV 0
:XKUHU &6 +XQJ - 3LQNQHU 5 6ODWWHJDUG $ =DYLDORY '
&KRXGKXU\ 6 /DQJHUPDQQ 6- +XOWJUHQ / :\QV 3 .OHPP 6




OHFWLQV 0ROHFXODU ,PPXQRORJ\ RI &RPSOH[ &DUERK\GUDWHV 
S
 +XQJ&6-%RXFNDHUW'+XQJ-3LQNQHU&:LGEHUJ$'H)XVFR
&* $XJXVWH 5 6WURXVH 6 /DQJHUPDQQ * :DNVPDQ DQG 6-
+XOWJUHQ 6WUXFWXUDO EDVLV RI WURSLVP RI (VFKHULFKLD FROL WR WKH EODGGHU
GXULQJ XULQDU\ WUDFW LQIHFWLRQ 0ROHFXODU 0LFURELRORJ\   S

 .URJIHOW .$ + %HUJPDQV DQG 3 .OHPP 'LUHFW (YLGHQFH 7KDW WKH











7KH ODQJXDJHRIFHOOXODU LQWHUDFWLRQV LQQDWXUH LQFOXGHVDZHDOWKRIFRGH
EDVHG RQ VXJDU PROHFXOHV DQG PDFURPROHFXODU IUDPHZRUNV > @ 7KH
FRPSOH[LW\LQFDUERK\GUDWHVWUXFWXUHLVPDWFKHGE\DVXEWOHW\LQIXQFWLRQ
WKDWOHDGVWRDKXJHYDULHW\RIUROHVIRUWKHVHSRO\PHULFVXJDUVLQELRORJ\
> @ ,W LV QRW VXUSULVLQJ WKHUHIRUH WKDW FKHPLVWV VHHN WR ´WDONµ WR
ELRORJLFDO HQWLWLHV WKURXJK WKH ODQJXDJH RI WKH JO\FRFRGH IRU WKLV ZRXOG




,W LV QRZ SRVVLEOH WR V\QWKHVL]H SRO\PHULF PDWHULDOV RI PXOWLSOH
IXQFWLRQDOLW\ DQG RI FRPSOH[ DUFKLWHFWXUH WKDW DUH GLIILFXOW LI QRW
LPSRVVLEOH WR V\QWKHVL]H ZLWK FRQYHQWLRQDO SRO\PHUL]DWLRQ PHWKRGV DQG
XVH WKHP DV WRROV WR XQGHUVWDQG WKHVH FRPSOH[ QDWXUDO SKHQRPHQD 7KH
DGYDQWDJHVRIXVLQJSRO\PHULFPDWHULDOVLQELRORJ\>@PDLQO\GHULYHIURP





WR WKHLU SRWHQWLDO WR VHOI DVVHPEOH LQ DTXHRXV VROXWLRQV LQWR
VXSUDPROHFXODU VWUXFWXUHV VXFK DV PLFHOOHV YHVLFOHV RU ZRUP OLNH
F\OLQGHUV>@%ORFNFRSRO\PHUVWUXFWXUHVZLWKDWOHDVWRQHRIWKHEORFNV
EHLQJ EDVHG RQ JO\FRPRQRPHUV LH SRO\PHUL]DEOH VXJDU GHULYDWLYHV
&KDSWHU  ,QWURGXFWLRQ
 
KDYH EHHQ V\QWKHVL]HG LQ WKH SDVW ZLWK WKH VFRSH RI WDUJHWLQJ VSHFLILF
ELRORJLFDO UHFHSWRUV E\ H[SORLWLQJ WKH XQLTXH VSHFLILFLW\ RI FDUERK\GUDWH
PROHFXOHV ZKHQ LQWHUDFWLQJ ZLWK WKHLU FRUUHVSRQGLQJ KRVWV >  @
*HQHUDOO\ WKHUHDUH WZRDSSURDFKHVZKHQRQHHQGHDYRXUV WRV\QWKHVL]H
WKLV FODVV RI PDWHULDOV D SRO\PHUL]DWLRQ RI D SUHV\QWKHVL]HG
JO\FRPRQRPHUZLWKVXEVHTXHQWFRSRO\PHUL]DWLRQRIWKHVHFRQGPRQRPHU
DQG E SRVWIXQFWLRQDOL]DWLRQ RI D SUHV\QWKHVL]HG EORFN FRSRO\PHU ZLWK
VXJDUPRLHWLHV >@0RVW UHVHDUFKHUVSUHIHU WKH ILUVW URXWHVLQFHD
JO\FRPRQRPHU ZLOO LQ WKHRU\ JLYH D EHWWHU GHILQHG PDWHULDO DOEHLW WKH




QRYHO EORFNJO\FRSRO\PHU WKDW FRQVLVWHG RI SRO\VW\UHQH DV WKH
K\GURSKRELF EORFN DQG JOXFRV\OR[\HWK\O DFU\ODWH DV WKH K\GURSKLOLF
VXJDUULFKSRO\PHULFFKDLQ >@7KHSRO\PHUZDVV\QWKHVL]HGE\PHDQV
RI $753 WKDW HQDEOHG WKH UHVHDUFKHUV WR NHHS WKH SRO\GLVSHUVLW\ ORZ
3', ,QWHUHVWLQJO\ LW ZDV IRXQG WKDW QRW RQO\ WKH SRO\PHU FRXOG
DVVHPEOHLQWRPROHFXODUDJJUHJDWHVEXWWKHVKDSHDQGWKHPRUSKRORJ\RI
WKH DVVHPEOLHV FRXOG EH VLJQLILFDQWO\ LQIOXHQFHG E\ WKH SUHVHQFH RI +&O




<RX HW DO ZKHUH WKH\ GHULYDWL]HG D SUHIRUPHG ZHOOGHILQHG EORFN
FRSRO\PHU RI SRO\EXWDGLHQHEORFNSRO\VW\UHQH ZLWK WKLRJOXFRS\UDQRVH
YLD VWDQGDUG LUUDGLDWLRQ SURFHGXUHV >@ 7KH ²GLHQH JURXSV ZHUH
GHULYDWL]HG ZLWK WKH VXJDU PRLHW\ DOPRVW TXDQWLWDWLYHO\ 7KH UHVXOWLQJ
EORFNJO\FRSRO\PHU FRXOG IRUP VXEPLFURQ VL]HG YHVLFOHV LQ ZDWHU 7KLV
DSSURDFK LV UHJDUGHG DV KLJKO\ UREXVW DQG SUDFWLFDO DV WKH GHFRUDWLRQ RI
SRO\PHUVZLWKFDUERK\GUDWHPROHFXOHV LVQRWRULRXVO\GLIILFXOWGXH WR WKH
&KDSWHU  ,QWURGXFWLRQ
 
ODFNRIVFDODEOHFKHPLVWULHV IRUVXJDUGHFRUDWLRQ LQDQ LQGXVWULDOFRQWH[W
'HVSLWHWKHIDFWWKDWWKHDERYHH[DPSOHVXVHVXJDUPRQRPHUVWRFRQVWUXFW
WKH K\GURSKLOLF EORFN WKH UHVHDUFKHUV VXUSULVLQJO\ GLG QRW H[SORLW WKH




FRSRO\PHUV ZLWK VXJDU VHJPHQWV RQ WKH FRURQDH ZLWK WKH VFRSH RI
PLPLFNLQJELRORJLFDORUJHQHOOHVRIFDUERK\GUDWHIXQFWLRQDOLW\>@%\
HPSOR\LQJ 523 DQG $753 WKH\ V\QWKHVL]HG D WULEORFN FRSRO\PHU RI
>SRO\/DODQLQHESRO\DFU\OR\OR[\HWK\OODFWRVLGHESRO\/DODQLQH
WKDW FRXOG VHOIDVVHPEOH LQWR VSKHULFDO DJJUHJDWHV WKDW FRXOG LQWHUDFW
VSHFLILFDOO\ ZLWK WKH OHFWLQ ULFLQXV FRPPXQLV DJJOXWLQLQ 5&$ GXH WR
WKH SUHVHQFH RI WKH ODFWRVH PROHFXOHV RI WKH JO\FRSRO\PHUFKDLQ 6LPLODU
VWXGLHV KDYH DOVR EHHQ FRQGXFWHG E\ WKH .DWDRND JURXS ZKR
V\VWHPDWLFDOO\ VWXGLHG VXJDUULFK EORFNFRSRO\PHU PLFHOOHV ZLWK WKH DLP
RI LPSOHPHQWLQJ PROHFXODU GHYLFHV IRU WDUJHWHG GUXJ GHOLYHU\ > @
7KH\ FRQVWUXFWHG D VPDOO OLEUDU\ RI VXJDUFRQWDLQLQJ PLFHOOHV RI WKH
VWUXFWXUH ;3(*3/$ ZLWK ; EHLQJ WKH FDUERK\GUDWH PROHFXOH JOXFRVH
JDODFWRVH ODFWRVH RU PDQQRVH 6SHFLILF LQWHUDFWLRQV ZHUH VWXGLHG XVLQJ
DJJOXWLQLQRU&RQ$DVVWDQGDUGOHFWLQVWRSUREHWKHPXOWLYDOHQWQDWXUHRI
WKH PLFHOOHOHFWLQ DJJUHJDWHV IRUPHG 7KH VPDOO VL]H RI WKH PLFHOOHV
V\QWKHVL]HG FD  QP DOORZV IRU XVH RI WKHVH PDWHULDOV DV ´DFWLYH
WDUJHWLQJGUXJYHKLFOHVµ

%\ UDWLRQDOO\ GHVLJQLQJ PDWHULDOV DW WKH PROHFXODU OHYHO YLD HPEHGGLQJ
LQIRUPDWLRQIRUWKHLUVXSUDPROHFXODUVHOIDVVHPEO\DWWKHPDFURPROHFXODU
VFDOH LQDSURWHLQOLNH IROGLQJ IDVKLRQ.LPHWDO>@ZHUHDEOH WRREWDLQ
PLFHOODU YHVLFXODU RU WXEXODU VWUXFWXUHV E\ VXEWO\ FKDQJLQJ WKH





WKH K\GURSKLOLF VHJPHQWV 7KH FRH[LVWHQFH RI LQFRPSDWLEOH
K\GURSKRELFK\GURSKLOLF PRLHWLHV GURYH WKH VXSUDPROHFXODU VHOI
DVVHPEO\ RI WKHVH PDWHULDOV LQ DTXHRXV HQYLURQPHQWV VXFK WKDW




ELQG PRUH VWURQJO\ ZLWK &RQ $ FRPSDUHG WR F\OLQGULFDO PLFHOOHV
$OWKRXJK WKLV REVHUYDWLRQ KDV \HW WR EH IXOO\ FKDUDFWHULVHG WKH ZRUN
FOHDUO\ VLJQLILHV WKH LPSRUWDQFH RI VXSUDPROHFXODU DUFKLWHFWXUH ZKHQ





VXFFHVVIXOO\ UHSRUWHG > @ 7KLV GHJUHH RI UHVSRQVH LQFUHDVHV WKH
FRPSOH[LW\ RI WKHVH V\VWHPV DQG EULQJV WKHP FORVHU WR QDWXUDO PDWHULDOV
DQG SURFHVVHV WKDW FDQ DGDSW DFFRUGLQJ WR WKH HQYLURQPHQWDO FKDQJHV
$OWKRXJK ZH DUH VWLOO IDU IURP VHOIDGDSWLQJ PDWHULDOV WKDW FDQ
LQWULQVLFDOO\UHVSRQGDQGFKDQJHWKHLUSURSHUWLHVWKHVHVWLPXOLUHVSRQVLYH
SRO\PHUV DUH SHUKDSV D ILUVW VWHS WRZDUGV DFKLHYLQJ WKLV JRDO )RU
H[DPSOHE\FRPELQLQJVHOIDVVHPEOLQJSRO\PHUZLWKWKHFRUUHFWFKRLFHRI
OLJDQGV RQH FRXOG FRQVLGHU EXLOGLQJ PDWHULDOV DQG LQWHUIDFHV WKDW DUH
ELRPLPHWLFLQERWKVWUXFWXUHDQGIXQFWLRQ

+HUHLQ ZH GHVFULEH DQ DSSURDFK WRZDUGV FRQWUROOLQJ FHOOVXUIDFH
LQWHUDFWLRQV DQG PROHFXODU WUDQVSRUW DW ELRLQWHUIDFHV E\ XVLQJ VHOI
DVVHPEOLQJSRO\PHUYHVLFOHVZLWKPXOWLSOHFRSLHVRIDVLPSOHJO\FROLJDQG






PLPLF RI HXNDU\RWLF FHOO VXUIDFHVZKLFK PLJKW LQ WXUQ EH UHFRJQL]HGE\
ELRORJLFDOVSHFLHV WKDWQRUPDOO\ELQG WRJO\FRV\ODWHGUHVLGXHVRQ WKHFHOO
>@ 7R GR WKLV ZH SUHSDUHG EORFN FRSRO\PHUV ZLWK KLJKO\ K\GURSKLOLF
SRO\JOXFRV\OR[\HWK\O PHWKDFU\ODWH S*(0$ DV RQH EORFN DQG PRUH












6LJPD XQOHVV RWKHUZLVH VWDWHG %HWD'JOXFRVH SHQWDDFHWDWH $F*OF ZDV
SXUFKDVHG IURP $OID $HVDU &RQFDQDYDOLQ $ DQG ),7&FRQFDQDYDOLQ $
ZHUH IURP 03 %LRPHGLFDOV 'LHWK\OHQH JO\FRO PHWKDFU\ODWH '(*0$
ZDV SDVVHG WKURXJK QHXWUDO DOXPLQD FROXPQ WR UHPRYH LPSXULWLHV DQG
LQKLELWRUV 7KH DFHW\ODWHG JOXFRV\OR[\HWK\O PHWKDFU\ODWH $F*(0$
PRQRPHUZDVV\QWKHVL]HGDFFRUGLQJWRDSUHYLRXVO\SXEOLVKHGSURFHGXUH
VHH $SSHQGL[ IRU FKDUDFWHUL]DWLRQ GHWDLOV >@ 7KH SRO\PHUV ZHUH
FKDUDFWHUL]HG E\ *HO 3HUPHDWLRQ &KURPDWRJUDSK\ *3& ZKLFK ZDV
FDUULHG RXW XVLQJ D 3RO\PHU /DERUDWRULHV *3&  LQVWUXPHQW ZLWK 5,
GHWHFWRU DQG '0) DV PRELOH SKDVH DW  R& 0ROHFXODU ZHLJKWV ZHUH
FDOFXODWHG EDVHG RQ XQLYHUVDO FDOLEUDWLRQ PHWKRG XVLQJ SRO\VW\UHQH
VWDQGDUGV )XUWKHU FKDUDFWHULVDWLRQ ZDV YLD + 105 %UXNHU  0+]




PHDVXUHG E\ XVLQJ D %HFNPDQ '8  899LV VSHFWURSKRWRPHWHU
HTXLSSHG ZLWK D WKHUPRVWDW XQLW $ 1LNRQ RSWLFDO PLFURVFRSH HTXLSSHG







$FHW\ODWHG JOXFRV\OR[\HWK\O PHWKDFU\ODWH $F*(0$ ZDV V\QWKHVL]HG
DFFRUGLQJ WR D SXEOLVKHG SURFHGXUH >@ ,QDQ 1SXUJHG URXQGERWWRP
IODVN$F*(0$JPPROZDVGLVVROYHGLQGHJDVVHG0H2+P/
7KH IODVN ZDV VHDOHG ZLWK D UXEEHU VHSWXP DQG D GHJDVVHG VROXWLRQ RI
&X%U  PJ  PPRO DQG ELS\ULG\O ELS\  PJ  PPRO LQ
0H2+  P/ ZDV DGGHG WKURXJK D JODVV V\ULQJH 7KHQ WKH LQLWLDWRU
HWK\OEURPRLVREXW\UDWH  P/ ZDV DGGHG WKURXJK D PLFURV\ULQJH
DQG WKH IODVN ZDV SODFHG LQ DQ RLO EDWK DW  R& $IWHU  PLQ WKH
SRO\PHUL]DWLRQZDVVWRSSHGE\H[SRVLQJWKHUHDFWLRQPL[WXUHWRDLU7KH
UHVXOWLQJSRO\$F*(0$ZDVLVRODWHGE\GLDO\VLVDJDLQVWDFHWRQHXVLQJD
FHOOXORVH  0:&2 PHPEUDQH \LHOG   'HSURWHFWLRQ RI
SRO\$F*(0$ LQYROYHG GLVVROYLQJ WKH SRO\PHU LQ D PL[WXUH RI
&+&O0H2+JP/$FDWDO\WLFDPRXQWRI1D20HLQ0H2+
ZDV DGGHG WR WKH VROXWLRQ  P0 7KH UHDFWLRQ ZDV OHIW XQGHU DQ
DWPRVSKHUH RI 1 XQWLO WKH VROXWLRQ EHFDPH WXUELG 3RO\*(0$ ZDV
LVRODWHG E\ FHQWULIXJDWLRQ DQG O\RSKLOL]DWLRQ \LHOG   3RO\*(0$
ZDV XVHG DV PDFURLQLWLDWRU WR JURZ WKH S'(*0$ EORFN DV IROORZV
'LHWK\OHQH JO\FRO PHWKDFU\ODWH  PJ  PPRO ZDV DGGHG LQ D
SUHYLRXVO\ 1SXUJHG URXQGERWWRP IODVN 7KH IODVN ZDV VHDOHG ZLWK D
UXEEHU VHSWXP DQG D IUHVKO\ SUHSDUHG VROXWLRQ RI &X%U  PJ 









$F*(0$  J  PPRO ZDV GLVVROYHG LQ 0H2+  P/ LQ D  P/
URXQGERWWRP IODVN $]RELVLVREXW\URQLWULOH $,%1  PJ DQG 5$)7
DJHQWF\DQ\OGLWKLREHQ]RDWH &'%$PJZHUHDGGHGWR WKH IODVN
ZKLFK ZDV WKHQ SXUJHG ZLWK 1 IRU  PLQ 7KH UXEEHUVHSWXPVHDOHG
IODVNZDVSODFHG LQDQRLOEDWKDW R& RYHUQLJKWDQG WKHQ WKHUHDFWLRQ
ZDV VWRSSHG E\ RSHQLQJ WKH IODVN WR DLU 7KH SUHFXUVRU SRO\PHU ZDV






DOORZHG WR SURFHHG RYHUQLJKW DW  R& 7KH SRO\PHU ZDV UHFRYHUHG E\





SKDVH RSWLFDOGHQVLW\ E\ LQFXEDWLRQRYHUQLJKWDW R&LQ WKHGDUN
$OLTXRWVP/ZHUHFROOHFWHGLQHSSHQGRUIWXEHVDQGFHQWULIXJHGDW
 USP IRU  PLQ 7KH VXSHUQDWDQW ZDV WKHQ UHSODFHG ZLWK IUHVKO\
SUHSDUHGSKRVSKDWHEXIIHUHGVDOLQH3%6S+FRQWDLQLQJWKHSRO\PHU
PJP/7KHVDPSOHVZHUHYRUWH[HGIRUVDQGOHIWWRVHWWOHIRUPLQ




RQ WRS DQG H[DPLQHG ZLWK DQ RSWLFDO PLFURVFRSH &RQWURO H[SHULPHQWV




$ VHULHV RI SRO\PHU VDPSOHV LQ ZDWHU ZHUH SUHSDUHG E\ VHULDO GLOXWLRQV
IURP D VWDUWLQJ VWRFN VROXWLRQ LQ ZDWHU  PJP/ $ VWRFN VROXWLRQ RI
S\UHQH ZDV SUHSDUHG E\ VXVSHQGLQJ S\UHQH LQ ZDWHU DQG OHDYLQJ LW
VWLUULQJ RYHUQLJKW 6ROLGV ZHUH UHPRYHG DQG WKH UHVXOWLQJ VROXWLRQ ZDV
XVHG E\ DGGLQJ  Ǎ/ LQ HDFK SRO\PHU VDPSOH 7KH VDPSOHV ZHUH
YRUWH[HGIRUVHFRQGVDQGOHIWWRVHWWOHDWR&RUR&7KHH[FLWDWLRQRI
HDFK VROXWLRQ ZDV H[DPLQHG LQ D 9DULDQ &DU\ (FOLSVH IOXRUHVFHQFH











DW R IURP VRXUFH )URP VWDQGDUG DXWR FRUUHODWLRQ IXQFWLRQV PHDVXUHG
FRUUHODWLRQ FRHIILFLHQWV ZHUH UHODWHG WR K\GURG\QDPLF UDGLL DW YDU\LQJ
WHPSHUDWXUHV YLD WKH 6WRNHV(LQVWHLQ HTXDWLRQ 'N75+ SK   ZKHUH
5+ LV WKH K\GURG\QDPLF UDGLXV N LV WKH %ROW]PDQQ FRQVWDQW 7 LV WKH
WHPSHUDWXUHDQGǈ LVWKHYLVFRVLW\RI WKHVROYHQW7KHVL]HGLVWULEXWLRQRI






6FDQQLQJ (OHFWURQ 0LFURVFRSH VDPSOHV ZHUH SUHSDUHG E\ SODFLQJ D
GURSOHWRIDQDTXHRXVSRO\PHUVROXWLRQ3PJP/RQDFDUERQJULG







 P0 0Q  P/ SRO\PHU VROXWLRQ  PJP/ ZDV PRXQWHG RQ D
TXDUW]FXYHWWH7KHODWWHUZDVSODFHGLQD899LVVSHFWURSKRWRPHWHUDQG
DEVRUEDQFHDWQPZDVUHFRUGHGZLWKWLPHDW&'XULQJDEVRUEDQFH




9HVLFOHEDFWHULD FOXVWHUV ZHUH WHVWHG IRU VWDELOLW\ WR H[RJHQRXV JOXFRVH
FRPSHWLWLRQ E\ SUHSDULQJ EDFWHULDYHVLFOHV DOLTXRWV DV GHVFULEHG




&DXWLRQ (WKLGLXP EURPLGH LV D YHU\ VWURQJ PXWDJHQ DQG SRVVLEOH
FDUFLQRJHQ DQG PXVW EH KDQGOHG ZLWK H[WUHPH FDUH $  PJP/ 3
VROXWLRQLQ3%60P/ZDVIUHVKO\SUHSDUHGDQGǍ/RIDVWRFN
HWKLGLXP EURPLGH VROXWLRQ LQ ZDWHU  PJP/ ZHUH DGGHG XVLQJ D
PLFURSLSHWWH 7KH VROXWLRQ ZDV PDJQHWLFDOO\ VWLUUHG IRU  KRXU DQG





UHVXOWLQJ VROXWLRQ ZDV XVHG DV LV IRU WKH SRO\PHUEDFWHULD VDPSOHV
SUHSDUDWLRQ$OLTXRWVRISUHYLRXVO\JURZQEDFWHULDǍ/ZHUHFROOHFWHG
LQ (SSHQGRUI WXEHV DQG FHQWULIXJHG DW  USP IRU  PLQXWHV 7KH
VXSHUQDWDQW ZDV WKHQ UHSODFHG ZLWK WKH HWKLGLXP EURPLGH ORDGHG
YHVLFOHV VROXWLRQ 7KH VDPSOHV ZHUH YRUWH[HG IRU  VHFRQGV DQG OHIW WR
VHWWOHIRUPLQXWHVDWURRPFRQGLWLRQVaR&$OLTXRWVǍ/RIWKH
VDPSOHVZHUHFROOHFWHGZLWKDPLFURSLSHWWHPRXQWHGRQDJODVVVOLGHZLWK
D FRYHU VOLS RQ WRS DQG H[DPLQHG ZLWK WKH RSWLFDO PLFURVFRSH ,PDJHV
ZHUHFDSWXUHGE\XVLQJWKHPLFURVFRSHDWRSWLFDORUIOXRUHVFHQFHPRGHV






:H SUHSDUHG EORFN FRSRO\PHUV ZLWK KLJKO\ K\GURSKLOLF SRO\
JOXFRV\OR[\HWK\O PHWKDFU\ODWH S*(0$ DV RQH EORFN DQG PRUH





LQGLYLGXDO LQWHUDFWLRQV ZLWK UHFHSWRUV EXW ZKHQ PXOWLSOH FRSLHV DUH
SUHVHQW RQ D SRO\PHU EDFNERQH VWURQJ ELQGLQJ FDQ RFFXU WKURXJK
























































































































































































)LJXUH  + 105 DOORZV GHWHUPLQDWLRQ RI 0Q YDOXHV IRU 3 DQG LWV





DVVLJQ DOO WKH SHDNV RI WKH VXJDU DQG WKH SRO\PHU EDFNERQH EXW PRVW
LPSRUWDQWO\ LWZDVSRVVLEOH WRDFFXUDWHO\HVWLPDWH WKH0QRI WKHSRO\PHU
SUHFXUVRU E\ WKH UHODWLYH LQWHJUDWLRQ RI WKH DQRPHULF SURWRQ SHDN H 
SSP ILJXUH  WR WKH LQWHJUDO RI WKH HWK\OHQH SURWRQV RI WKH LQLWLDWRU
SHDN O  SSP 7KH SRO\GLVSHUVLW\ RI WKH SURWHFWHG SRO\PHU ZDV ORZ







ZKLFK SURYHV WKH UREXVWQHVV RI $753 LQ WKH V\QWKHVLV RI EORFN
FRSRO\PHUV 6XEVHTXHQWO\ WKH GHSURWHFWLRQ UHDFWLRQ WRRN SODFH XQGHU
=HPSOHQ FRQGLWLRQV UHDFWLRQ PHFKDQLVP LV JLYHQ LQ S  DQG ZDV
PRQLWRUHG E\ + 105 ,QLWLDO H[SHULPHQWV LQYROYHG VLJQLILFDQW
GHWDFKPHQW RI WKH VXJDU PRLHW\ IURP WKH SRO\PHU EDFNERQH GXH WR
K\GURO\VLVRIWKHPHWKDFU\ODWHHVWHUEXWWKHXVHRI0H2+&+&OLQWKH
GHSURWHFWLRQPL[WXUHUHVXOWHGLQSUHFLSLWDWLRQRIWKHSURGXFWDVWKHODWWHU
ZDV IRUPHG 7KLV HQVXUHG TXDQWLWDWLYH GHSURWHFWLRQ RI WKH SRO\PHU




6LPLODUO\ ZLWK WKH 5$)7 PHWKRG 3 SUHFXUVRU ZH XVHG WKH $,%1
5$)7LQLWLDWRUZKLFKLVDFRPPRQO\XVHG5$)7DJHQWIRUSRO\PHUL]DWLRQ
RI PHWKDFU\ODWHEDVHG PRQRPHUV DQG REWDLQHG D ZHOOGHILQHG SURWHFWHG


























































































































,W VKRXOGEHQRWHG WKDW9D]TXH]'RUEDWWDW DO UHSRUW WKDW WKH\REWDLQHG
SDUWLDO JHODWLRQ ZKHQ WDUJHWLQJ KLJK '3V ZLWK WKH SURWHFWHG PRQRPHU
DOEHLW FRQYHUVLRQV ZHUH FRQILUPHG WR EH KLJK ZKHQ WDUJHWLQJ ORZ '3V
 DQG WKLV ZDV WKH UHDVRQ ZH HPSOR\HG 5$)7 IRU WDUJHWLQJ KLJKHU
'3V 7KH 5$)7 SRO\PHUL]DWLRQ WKRXJK JDYH VOLJKWO\ ORZHU FRQYHUVLRQV
 DW WKH '3V WDUJHWHG DOWKRXJK QR JHODWLRQ ZDV REVHUYHG
1HYHUWKHOHVVZHSHUVLVWHGRQWKHVHSRO\PHUL]DWLRQFRQGLWLRQVLQRUGHUWR
SUHYHQW ODWH WHUPLQDWLRQRISRO\PHUFKDLQVE\HQGWRHQGFRXSOLQJ7KLV
ZRXOG HQVXUH EHWWHU FRQWURO RQ WKH SRO\PHU DUFKLWHFWXUH DQG XQLIRUPLW\
ZKHQJURZLQJWKHVHFRQGEORFNRIIURPWKHSRO\PHULFSUHFXUVRUV







UHODWLYH JURZWK RI WKH SRO\PHU FKDLQV  $ VKLIWLQJ RI WKH *3& WUDFH ZDV
DSSDUHQW XSRQ JURZWK RI WKH VHFRQG EORFN IRU ERWK PHWKRGV ZKLFK
FRQILUPV WKHJURZLQJ RI WKH SRO\PHU FKDLQ IURP WKH PDFURLQLWLDWRUV  ,Q
ERWK FDVHV KLJK FRQYHUVLRQV ZHUH DFKLHYHG DQG WKH ILQDO SRO\PHUV KDG
ORZ SRO\GLVSHUVLWLHV EHORZ  2QO\ LQ WKH FDVH RI 3 VRPH WDLOLQJ
WRZDUGVKLJKHUPROHFXODUZHLJKWVZDVREVHUYHGLQWKH*3&WUDFHZKLFK
PLJKWKDYHUHVXOWHGIURPSRO\PHUWHUPLQDWLRQODWHLQWKHSURFHVV 7DEOH









3RO\$F*(0$$753   
3   
3RO\$F*(0$5$)7   








:H DQG RWKHUV > @ KDYH V\VWHPDWLFDOO\ VWXGLHG WKH WKHUPDO
SUHFLSLWDWLRQ SURSHUWLHV RI 3(*EDVHG PHWKDFU\ODWHV LQ ZDWHU 7KHUH DUH
VHYHUDO UHDVRQVRQHZRXOGSUHIHU2(*0$EDVHGPRQRPHUV WRFRQVWUXFW
WKHUPRUHVSRQVLYHSRO\PHUVRYHUWKHZHOONQRZQ1,3$0EDVHGV\VWHPV
)LUVW '(*0$ KRPRSRO\PHUV H[KLELW D VKDUS /&67 DW DURXQG  R&
ZKLFKLVVLPLODUWRWKH/&67RI1,3$0KRPRSRO\PHUV6HFRQGWKH/&67
RI 2(*0$EDVHG SRO\PHUV FDQ EH ILQH WXQHG E\ FRPELQDWLRQ RI ORQJ
&KDSWHU  5HVXOWVDQG'LVFXVVLRQ
 
3(*FKDLQ PHWKDFU\ODWHV K\GURSKLOLF ZLWK VKRUW3(*FKDLQ
PHWKDFU\ODWHVRYHUDZLGHUDQJHRIWHPSHUDWXUHVZLWKRXWORVLQJWKHRQVHW
VKDUSQHVV RI WKH /&67 FXUYH VHH > @ IRU H[DPSOHV 3UDFWLFDOO\ WKLV
LPSOLHV WKDW SRO\PHUL]DWLRQ FRQGLWLRQV DUH VXLWDEOH IRU ERWK PRQRPHUV
DQGKHQFHPRUHSUHGLFWDEOHVLQFHERWKPRQRPHUVORQJDQGVPDOOFKDLQ
DUH RI VLPLODU VWUXFWXUH DQG UHDFWLYLW\ >@ 7KLUG DQG SHUKDSV PRVW
LPSRUWDQWO\2(*0$EDVHGV\VWHPVDUHFRQVLGHUDEO\PRUHELRFRPSDWLEOH
DQGOHVVF\WRWR[LFPDWHULDOVWKDQWKHLUDFU\ODPLGHFRXQWHUSDUWV>@7KLV




WKDW RI D SRO\'(*0$ KRPRSRO\PHU ,W FDQ EH VHHQ WKDW WKH
KRPRSRO\PHU H[KLELWV D VKDUS FRLOWRJOREXOH SKDVH WUDQVLWLRQ DW  R&
ZKHUHWKHSRO\PHUGURSVRXWRIVROXWLRQDQGSUHFLSLWDWHV

























$V GLVFXVVHG LQ SUHYLRXV FKDSWHUV WKLV EHKDYLRXU LV HQWURSLF DQG
JRYHUQHGE\WKHILQHEDODQFHEHWZHHQWKHK\GURSKRELFPRLHWLHVWKHVHDUH
K\GURFDUERQ EDFNERQH DQG PHWKR[\ JURXSV DQG WKH ZHOOVROYDWHG
K\GURSKLOLFPRLHWLHVWKDWFRQVLVWRIR[\HWK\OHQHFRQWDLQLQJJURXSVRQWKH
SRO\PHU VLGH FKDLQ DQG WKH PHWKDFU\ODWH HVWHU JURXS RI WKH SRO\PHU
EDFNERQH 7KH ODWWHU FDQ IRUP K\GURJHQ ERQGV ZLWK ZDWHU DQG NHHS WKH
SRO\PHU LQVROXWLRQ:KHQKHDW LVSURYLGHGWR WKHV\VWHP WKHK\GURJHQ
ERQGV ZLOO EUHDN DQG WKH K\GURSKRELF LQWHUDFWLRQV ZLOO GRPLQDWH WKH
V\VWHP ZKLFK ZLOO OHDG WR WKH SRO\PHUV FROODSVLQJ DERYH D FULWLFDO
WHPSHUDWXUH WKDW LV WKH /&67 7KH /&67 RQVHW RI '(*0$ VHHPV WR EH
DURXQG  R& $ERYH WKH /&67 WKH SRO\PHU ZLOO IORFFXODWH DQG IRUP
LUUHJXODUSUHFLSLWDWHVRIQRLQWULQVLFRUGHURUVWUXFWXUH

,Q FRQWUDVW D GRXEOH K\GURSKLOLF EORFN FRSRO\PHU VXFK DV 3 RU 3
ZLOO FROODSVH LQ D WRWDOO\ GLIIHUHQW PDQQHU 7KH EORFN FRSRO\PHUV
FROODSVLQJIROORZVDVHOIDVVHPEO\SURFHVVZKHUHWKHSRO\PHUFKDLQVIRUP
VSKHULFDODJJUHJDWHVRIZHOOGHILQHGVWUXFWXUH7KHVHVSKHULFDODJJUHJDWHV
FRQVLVW RI WKH K\GURSKRELF WKDW LV WKH FROODSVHG '(*0$ EORFN DQG WKH
K\GURSKLOLFFRURQDWKDWFRQVLVWVRIWKHVROXEOHVHFRQGEORFNWKDWLV*(0$
IRU 3 DQG 3  7KLV ´SDUWLDOµ FROODSVLQJ LV HYLGHQFHG LQ WKH /&67
FXUYHVDVDVOLJKWVKLIWLQJDQGVLJQLILFDQWEURDGHQLQJRIWKH/&67RQVHWLQ
ERWK SRO\PHUV 6LPLODU /&67 FXUYHV RI GRXEOH K\GURSKLOLF
WKHUPRUHVSRQVLYH SRO\PHUV KDYH DOVR EHHQ UHSRUWHG E\ VHYHUDO JURXSV
HLWKHUEDVHGRQ1,3$0RUHYHQ3(*0$VDVWKHUHVSRQVLYHEORFN>
@7KLVPHFKDQLVPRISRO\PHUIROGLQJDQGVHOIDVVHPEO\XSRQDWKHUPDO
VWLPXOXV SURYLGHV D VLJQLILFDQW DGYDQWDJH RYHU D IL[HG SUHGHVLJQHG
DPSKLSKLOH ZLWK D UHDGLO\ DWWDFKHG K\GURSKRELF VHJPHQW RIWHQ DQ
RUJDQLF VROYHQW PXVW EH XVHG WR GLVVROYH WKH SRO\PHU LQLWLDOO\ DQG WKHQ
HYDSRUDWHLWXSRQPL[LQJZLWKZDWHUWRLQGXFHWKHVHOIDVVHPEO\SURFHVV
ZKLFKLVQRWGHVLUDEOHZKHQWDUJHWLQJVSHFLILFELRPHGLFDODSSOLFDWLRQ>
@  7KHUHIRUH LQ RXU V\VWHP QR RUJDQLF VROYHQW LV XVHG LQ RUGHU WR
&KDSWHU  5HVXOWVDQG'LVFXVVLRQ
 
IRUPXODWH WKH ILQDO SRO\PHU VXSHUVWUXFWXUHV  :H WKHUHIRUH SURFHHG WR




'\QDPLF OLJKW VFDWWHULQJ '/6 VKRZHG WKDW EHORZ  R& WKH SRO\PHUV
H[LVWHG LQ VROXWLRQ DV VHSDUDWH FKDLQV EXW DW  R& 3 DQG 3
DVVHPEOHG LQWR YHVLFOHV ZLWK PHDQ GLDPHWHUV RI DSSUR[LPDWHO\  DQG
 QP UHVSHFWLYHO\ $W  R& LH DW WHPSHUDWXUHV DERYH WKH ORZHU
FULWLFDO VROXWLRQ WHPSHUDWXUH /&67 RI WKH S'(*0$ EORFNV WKH VL]H RI
WKH YHVLFOHV GHFUHDVHG WR DURXQG  DQG  QP IRU 3 DQG 3
UHVSHFWLYHO\ZKLFKZHDWWULEXWHWRFROODSVHRIS'(*0$VHJPHQWVDQGDQ
LQFUHDVH LQ WKH K\GURSKRELFLW\ RI WKH YHVLFOH ´FRUHVµ  7KLV ZDV DOVR







































7KH DSSHDUDQFH RI DVVHPEOHG VWUXFWXUHV HYHQ EHORZ WKH /&67 RI WKH




VKRXOG EH H[SHFWHG 7KH IDFW LV WKDW HYHQ D VXEWOH GLIIHUHQFH RI WKH
K\GURSKLOLFLW\ RI WKH WZR EORFNV LV HQRXJK WR LQGXFH VHOIDVVHPEO\
SKHQRPHQD DQG GULYH WKH SRO\PHU FKDLQV WR IRUP WKHVH FORVHG SDFNHG























$ERYH /&67 WKH EHKDYLRXU LV PRUH SUHGLFWDEOH DV WKH 3'(*0$ EORFN
LQFUHDVHVLWVK\GURSKRELFLW\DQGWKHUHIRUHWKHUHLVHQRXJKUHSXOVLYHIRUFH
DPRQJVW WKH WZR EORFNV DQG DWWUDFWLYH IRUFH K\GURSKRELF LQWHUDFWLRQ
EHWZHHQ SRO\PHU FKDLQV WR GULYH WKH DVVHPEO\ RI WKH SRO\PHUV> @































































7KH UHODWLYHO\ ODUJH VL]H RI VRPH YHVLFOHV SDUWLFXODUO\ WKRVH IRU 3 FD
RISRSXODWLRQKDVJUHDWHUWKDQPPGLDPHWHUFRQYHQLHQWO\DOORZHG
XV WR H[DPLQH WKHP E\ RSWLFDO PLFURVFRS\ ,Q WKH RSWLFDO







6PDOO REMHFWV WKDW DUH GHWHFWHG LQ '/6 DUH QRW YLVLEOH XQGHU WKH RSWLFDO
PLFURVFRSH 7KLV LPSOLHV WKDW WKHUH LV D KHWHURJHQHRXV SRSXODWLRQ RI
SRO\PHULF REMHFWV LQ HDFK SRO\PHU VROXWLRQ :H DOVR H[DPLQHG WKH
&KDSWHU  5HVXOWVDQG'LVFXVVLRQ
 
SRO\PHU YHVLFOHV XVLQJ 7(0 $V VKRZQ LQ ILJXUH  VSKHULFDO YHVLFOHV
ZHUH GHWHFWHG ZLWK ZKLWH FRUH DQG D EODFN FRURQD 7KLV LV LQGLFDWLYH RI























3RO\YDOHQW ELQGLQJ HYHQWV DW WKH VXUIDFH RI WKH YHVLFOHV ZHUH VWXGLHG E\
DVVD\V ZLWK ),7&FRQFDQDYDOLQ $ ),7&&RQ $ ),7& IOXRUHVFHLQ
LVRWKLRF\DQDWH D OHFWLQ ZLWK KLJK DIILQLW\ ZLWK JOXFRVH WKDW KDV EHHQ




%RWK3DQG3YHVLFOHVZHUHDEOH WRDFFRPPRGDWH WKH OHFWLQDW WKHLU
VXUIDFHVDVVKRZQLQILJXUHDQGWXUELGLW\DVVD\VVKRZHGWKDWYHVLFOHV

































$OVR WKH YHVLFOH ERXQG OHFWLQ ZDV RXWFRPSHWHG E\ DGGLWLRQ RI IUHH
JOXFRVHLQWKHOHFWLQSRO\PHUVROXWLRQ7KLVUHVXOWHGLQGLVSODFHPHQWRIWKH
OHFWLQIURPWKHYHVLFXODUFRURQDZKLFKLVLQGLFDWLYHRIWKHVSHFLILFLW\RIWKH













$JJOXWLQDWLRQ ZLWK FRQ $ ZDV PRUH SURQRXQFHG LQ WKH FDVH RI VPDOOHU
YHVLFOHV PDGH E\ 3 WKDQ 3 FRUUHVSRQGLQJ WR DURXQG  DQG 
LQFUHDVHG FRQ $ DEVRUEDQFH IRU ELQGLQJ WR 3 DQG 3 UHVSHFWLYHO\
3UHVXPDEO\WKLVLVDWWULEXWHGWRWKHUHODWLYHVXUIDFHWRYROXPHUDWLRZKLFK
LV KLJKHU IRU 3 WKDW IRUPV VPDOO YHVLFOHV WKHUHIRUH FDQ DFFRPPRGDWH
PRUHOHFWLQDWWKHFRURQD6LPLODUUHVXOWVKDYHDOVREHHQUHSRUWHGE\.LP
HW DO ZKHUH WKH\ VWXGLHG GLIIHUHQW VXSUDPROHFXODU VWUXFWXUHV WKDW ZHUH
GHFRUDWHG ZLWK PDQQRVH >@ 7KH\ FRQFOXGHG WKDW VKDSH DQG VL]H GLG
LQGHHG SOD\ D UROH LQ WKH ELQGLQJ HIIHFWV ZLWK WKH OHFWLQ DQG WKDW VXUIDFH
DUHDLVFUXFLDOIRUWKHSRO\PHUOHFWLQDJJOXWLQDWLRQ:KHQWKH\FRPSDUHG
VXSUDPROHFXODU DUFKLWHFWXUHV RI VLPLODU PDQQRDPSKLSKLOHV WKH\
FRQFOXGHGWKDWWKHKLJKHUWKHFXUYDWXUHRIWKHPROHFXODUREMHFWVWKHKLJKHU
WKH LQWHUDFWLRQZLWK WKH OHFWLQZDV7KLVLVDOVRFRQILUPHGE\RXUVWXGLHV
XVLQJ3DQG3

,W VKRXOG DOVR EH PHQWLRQHG WKDW 6HQ *XSWD HW DO KDYH SHUIRUPHG
V\VWHPDWLF VWXGLHV RQ YLUXV SDUWLFOHV GHFRUDWHG ZLWK JO\FRSRO\PHUV DQG
WKHLU LQWHUDFWLRQV ZLWK FRQFDQFDYDOLQ DQG UHSRUWHG RQ WKH YHU\ IDVW
DJJOXWLQDWLRQ ZLWKLQVHFRQGVRI WKH OHFWLQ ZLWK WKHYLULDOFKLPHUDV >@
7KLVLVSHUKDSVWKHRQO\H[DPSOHRIDQDWXUDOVXSUDPROHFXODUREMHFWVXFK





SURYLGH WZR PDMRU DGYDQWDJHV RYHU OLQHDU KRPRSRO\PHU V\VWHPV 
VSDWLDO DFFXPXODWLRQ RI VXJDU PRLHWLHV RQ WKH YHVLFXODU FRURQD SURYLGHG
LQFUHDVHGPXOWLYDOHQWFDSDFLW\DQGYDULDWLRQVRIYHVLFXODUVL]HUHVXOWHG







VWUDLQ 0*S*)3 WKDW LV ERWK IOXRUHVFHQW *)3 DQG H[SUHVVHV WKH
ILP+SURWHLQZKLFKKDVELQGLQJVSHFLILFLW\IRUJOXFRVHDQGPDQQRVH(
FROLDUHURGVKDSHGEDFWHULDRIFRPSDUDEOHVL]HWRWKHODUJHU3YHVLFOHV
DQG WKHLU ELQGLQJ FKDUDFWHULVWLFV ZLWK OLQHDU JO\FRSRO\PHUV KDYH EHHQ
VWXGLHG SUHYLRXVO\ > @ 7KH FDUERK\GUDWH UHFRJQLWLRQ VLWHV &56V
IRXQGRQWKHSLOLRI(FROLDUHDIHZQDQRPHWHUVLQGLDPHWHUDQGFDQUHDFK
PRUH WKDQǍPLQ OHQJWK)LJXUHVKRZV WKH YDU\LQJ LQWHUDFWLRQVRI
WKH GLIIHUHQW YHVLFOHV ZLWK ( FROL 7KH VPDOO YHVLFOHV IURP 3 IRUPHG
ODUJHDJJUHJDWHVZLWKEDFWHULD²ǍPDSSUR[LPDWHO\²EDFWHULD
DQG ² YHVLFOHV IRXQG LQ HDFK FOXVWHU ,Q FRQWUDVW IRU3 QR ODUJH
DUHDDJJUHJDWHVZHUH IRUPHGDOWKRXJKZHGLGREVHUYHSHUVLVWHQWVWURQJ




WR WKH VXJDU IXQFWLRQDOLW\ 7KH LQGXFWLRQ RI EDFWHULDO FOXVWHU IRUPDWLRQ
IROORZHGWKHVDPHWUHQGDVZLWK&RQ$LQWHUDFWLRQVZKLFKZHDWWULEXWHG





















6LPLODU EDFWHULDO DJJUHJDWHV ZLWK VXSUDPROHFXODU REMHFWV KDYH DOVR EHHQ
UHSRUWHG E\ /LP HW DO ZKHUH JO\FRFRQMXJDWH QDQRULEERQV EDVHG RQ
DPSKLSKLOLF VKRUW SHSWLGHV FRXOG LQGXFH WKH DJJUHJDWLRQ RI  ( &ROL
251ZKLFKDOVRH[SUHVVHV WKH)LP+SURWHLQRQ LWV ILPEULDH >@7KH







3HUKDSV WKLV LV WKH RQO\ VWXG\ WKDW GHVFULEHV GLVWLQFW DVVRFLDWLRQ RI D
QDWXUDO RUJDQHOOH LH EDFWHULDO SLOL ZLWK D VROHO\ V\QWKHWLF PROHFXODU
REMHFWLQDVLPLODUZD\WKDW3DQG3LQWHUDFWZLWKWKHEDFWHULDOFHOOV

+DYLQJ HVWDEOLVKHG WKDW SRO\PHUYHVLFOH ELQGLQJ LQYROYHG VXUIDFH
H[SUHVVHGJOXFRVHDVWKH´ODQJXDJHµRIFHOO²YHVLFOHLQWHUDFWLRQVZHVRXJKW
WR´RXWWDONµWKHDVVRFLDWLRQWKURXJKLQWURGXFWLRQRIH[RJHQRXVVLJQDOVLH
IUHH JOXFRVH $GGLWLRQ RI JOXFRVH LQWR SUHIRUPHG EDFWHULDOYHVLFOH
DJJUHJDWHV UHVXOWHG LQ GRVHGHSHQGHQW EUHDNGRZQ RI WKH FHOO²SRO\PHU
FOXVWHUV ILJXUH D²G 7KLV HIIHFW ZDV PRVW QRWLFHDEOH IRU WKH VPDOOHU











,W ZDV PRUH GLIILFXOW WR TXDQWLI\ WKH ELQGLQJ LQWHUDFWLRQV RI 3 DQG (
FROL DQG WKH EUHDNXS RI DJJUHJDWHVFOXVWHUV RZLQJ WR WKH LQFUHDVHG
UDQGRP PRWLRQ LQ VROXWLRQ RI WKH ODUJHU YHVLFOHV +RZHYHU IRU 3
SRO\PHUVELQGLQJHYHQWVRIVLQJOHYHVLFOHVZLWKLQGLYLGXDOEDFWHULDFRXOG
EH REVHUYHG ZKLFK ZH UHDVRQHG PLJKW DOORZ XV WR LQYHVWLJDWH D VHFRQG






FRQWDLQLQJ PROHFXODU ´LQIRUPDWLRQµ FRXOG FRPPXQLFDWH WKLV
´LQIRUPDWLRQµZKHQLQFRQWDFWZLWKWKHEDFWHULD/DUJHYHVLFOHVIURP3
ZHUH ORDGHG ZLWK WKH G\H HWKLGLXP EURPLGH DQG FHOO²YHVLFOH LQWHUDFWLRQ
VWXGLHV ZHUH SHUIRUPHG $V LV DSSDUHQW IURP ILJXUH H²J EDFWHULD
DVVRFLDWHG ZLWK YHVLFOH VXUIDFHV ZHUH LQLWLDOO\ JUHHQ WKURXJK *)3
IOXRUHVFHQFH EXW RYHU WLPH  PLQ IOXRUHVFHG RUDQJHUHG WKURXJK








)LJXUH  0ROHFXODU WUDQVSRUW IURP 3 YHVLFOHV WR ( FROL ,PDJH D
VKRZVYHVLFOHVDQGFHOOVLQSKDVHFRQWUDVWPRGHEVKRZVWKHVDPHFHOOV
LQ IOXRUHVFHQFH PRGH EDFWHULD IOXRUHVFH JUHHQ *)3 DQG YHVLFOHV
FRQWDLQLQJ HWKLGLXP EURPLGH IOXRUHVFH RUDQJHUHG ,PDJH F VKRZV WKH
VDPH YHVLFOH²FHOO SDUWQHUV DIWHU  PLQ ZLWK EDFWHULD QRZ IOXRUHVFLQJ




2QO\ FHOOV DWWDFKHG WR YHVLFOHV H[KLELWHG HWKLGLXP EURPLGH XSWDNH RYHU
WKLV WLPH SHULRG WKXV HVWDEOLVKLQJ WKH VSHFLILFLW\ RI WKH LQIRUPDWLRQ
WUDQVIHU











LV WKH ILUVW WLPH WKDW VXFK PROHFXODU WUDQVSRUW WR D QDWXUDO FHOO IURP DQ
DUWLILFLDOELRPLPHWLFHQWLW\KDVEHHQUHSRUWHG
D E
)LJXUH  ,Q D ( FROL 0*S*)3 JUHHQ DQG UHG 3 YHVLFOHV
ORDGHGZLWKHWKLGLXPEURPLGHDUHVHHQWRDVVRFLDWHLQGLVFUHWHFRPSOH[HV
,PDJHEVKRZVWKHVDPHYHVLFOHFDSWXUHGDIWHUPLQXWHV%DFWHULXPLQ
FORVH SUR[LPLW\ ZLWK WKH YHVLFOH WXUQV UHG GXH WR HWKLGLXP EURPLGH
WUDQVIHU6FDOHEDUVDUHǍP

7KHUHIRUH D PRUH V\VWHPDWLF VWXG\ RQ WKH PROHFXODU PHFKDQLVP WKDW
GULYHV WKLV WUDQVSRUW LV UHTXLUHG :H K\SRWKHVL]H WKUHH SRVVLEOH
PHFKDQLVPV RI WUDQVSRUW  GLVUXSWLRQ RI WKH YHVLFXODU PHPEUDQH XSRQ
LQWHUDFWLRQZLWKWKHEDFWHULDOILEULOVDQGDFWLYHGLIIXVLRQRIWKHG\HLQWKH
LQWHULRU RI WKH EDFWHULD  SDVVLYH GLIIXVLRQ RI G\H ²WKDW LV OHDNLQJ DQG
IRUPDWLRQRIDFRQFHQWUDWLRQJUDGLHQWWKDWLVHQRXJKWRVWDLQDEDFWHULXP
ZKHQ LQ FORVH SUR[LPLW\ ZLWK WKH YHVLFOHV DQG  D FRPELQDWLRQ RI WKH
SUHYLRXVWZR

,Q JHQHUDO RWKHU UHFHQW VWXGLHV KDYH FRUUHODWHG ELQGLQJ FDSDELOLWLHV RI
PROHFXODU JO\FRREMHFWV >@ WR WKHLU VXSUDPROHFXODU DUFKLWHFWXUH ZLWK
VSHFLILFJRDOVRIEDFWHULDOGHWHFWLRQ>@2XUUHVXOWVLPSO\WKDWQRW
RQO\PLJKW WKHDIILQLW\RI WKHVHPDWHULDOVEHRSWLPL]HGE\QRQFRYDOHQWO\
OLQNHG VXSUDPROHFXODU DVVHPEOLHV EXW DOVR WKDW SHUKDSV LQIRUPDWLRQ










FRXOG VHOIDVVHPEOH LQ DTXHRXV DQG WKH YHVLFOHV VL]HG IRUPHG FDQ EH
FRQWUROOHGE\FRPRQRPHUFRQWHQWEORFNUDWLRPRODUPDVVDQG/&677KH
YHVLFOHVZHUHIRXQGWRLQWHUDFWZLWKEDFWHULDOFHOOVDQGIRUPODUJHYHVLFOH
EDFWHULD DJJUHJDWHV GXH WR WKH PXOWLYDOHQW ELQGLQJ RI WKH PXOWLSOH VXJDU
PRLHWLHVRI WKHYHVLFOHVFRURQDHZLWK WKH)LP+FDUERK\GUDWHUHFRJQLWLRQ
VLWHV RQ WKH EDFWHULDO ILEULOV 7KH FORVH SUR[LPLW\ RI WKH PROHFXODU
DJJUHJDWHV ZLWK WKH QDWXUDO FHOOV DOORZHG LQIRUPDWLRQ WUDQVIHU RI D
FRPPRQ G\H WR WKH ODWWHU HLWKHU WKURXJK WKH JO\FRV\ODWHG VXUIDFH RU
WKURXJK WKH FRQWHQWV RI WKH YHVLFOHV LQWHULRU 7KH YHVLFOHV FDQ WKXV EH
FRQVLGHUHG DV D PLPLF DOEHLW SULPLWLYH RI QDWXUDO FHOOV ZLWK WKHLU









 3LOREHOOR .7 DQG /. 0DKDO 'HFLSKHULQJ WKH JO\FRFRGH WKH
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S
 .LHVVOLQJ // DQG &: &DLUR +LWWLQJ WKH VZHHW VSRW 1DWXUH
%LRWHFKQRORJ\S
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S
 5LOH\ 7 7 *RYHQGHU 6 6WROQLN &' ;LRQJ 0& *DUQHWW / ,OOXP
DQG 66 'DYLV &ROORLGDO VWDELOLW\ DQG GUXJ LQFRUSRUDWLRQ DVSHFWV RI
PLFHOODUOLNH 3/$3(* QDQRSDUWLFOHV &ROORLGV DQG 6XUIDFHV %
%LRLQWHUIDFHVS
 %DWWDJOLD * DQG $- 5\DQ %LOD\HUV DQG ,QWHUGLJLWDWLRQ LQ %ORFN
&RSRO\PHU9HVLFOHV-$P&KHP6RFS
 6HQ*XSWD6.65DMD(.DOWJUDG(6WUDEOH DQG0*)LQQ9LUXV
JO\FRSRO\PHU FRQMXJDWHV E\ FRSSHU, FDWDO\VLV RI DWRP WUDQVIHU UDGLFDO
SRO\PHUL]DWLRQ DQG D]LGHDON\QH F\FORDGGLWLRQ &KHPLFDO
&RPPXQLFDWLRQVS
 *HVWZLFNL -(/(6WURQJ6/%RUFKDUGW&:&DLUR$06FKQRHV





 3DVSDUDNLV * $ &RFND\QH DQG & $OH[DQGHU &RQWURO RI EDFWHULDO
DJJUHJDWLRQE\WKHUPRUHVSRQVLYHJO\FRSRO\PHUV-RXUQDORIWKH$PHULFDQ
&KHPLFDO6RFLHW\S
 /LP <% 6 3DUN ( /HH + -HRQJ -+ 5\X DQG 06 /HH
*O\FRFRQMXJDWH QDQRULEERQV IURP WKH VHOIDVVHPEO\ RI FDUERK\GUDWH
SHSWLGHEORFNPROHFXOHV IRUFRQWUROODEOHEDFWHULDOFHOO FOXVWHU IRUPDWLRQ
%LRPDFURPROHFXOHVS
 6XQ;/:;&XL&+DOOHUDQG(/&KDLNRI6LWHVSHFLILFPXOWLYDOHQW
FDUERK\GUDWH ODEHOLQJ RI TXDQWXP GRWV DQG PDJQHWLF EHDGV
&KHPELRFKHPS
 .LP %6:<<DQJ -+5\X<6<RRDQG0/HH&DUERK\GUDWH
FRDWHG QDQRFDSVXOHV IURP DPSKLSKLOLF URGFRLO PROHFXOH ELQGLQJ WR
EDFWHULDOW\SHSLOL&KHPLFDO&RPPXQLFDWLRQVS







 <DURVODYRY $$ 16 0HOLN1XEDURY DQG )0 0HQJHU 3RO\PHU
LQGXFHGIOLSIORSLQELRPHPEUDQHV$FFRXQWVRI&KHPLFDO5HVHDUFK
S











+DYLQJ HVWDEOLVKHG DEDVLFSODWIRUPIRU XQGHUVWDQGLQJ WKHSULQFLFSOHV RI
SRO\PHUFHOO LQWHUDFWLRQUHFRJQLWLRQ FKDSWHU  DQG H[WHQGLQJ WKH
FRQFHSW WR YHVLFOHFHOO FRPSOH[ IRUPDWLRQ DQG ´SVHXGRFRPPXQLFDWLRQµ
FKDSWHUZHVRXJKW WR IXUWKHUGHYHORSDPRUHPHDQLQJIXO WHVWRIFHOO
SRO\PHU ´FURVVWDONµ WKDW LV ELGLUHFWLRQDO DQG G\QDPLF WR D OHYHO RI
DFKLHYLQJ DV PXFK QDWXUDO UHVHPEODQFH DV SRVVLEOH :H WKHUHIRUH WXUQHG
WR DOUHDG\ H[LVWLQJ QHWZRUNV LQYYROYHG LQ FHOOFHOO FRPPXQLFDWLRQ
SURFHVVHV

4XRUXP 6HQVLQJ 46 LV D PHDQV RI LQWHUFHOOXODU VLJQDOOLQJ E\ ZKLFK
EDFWHULD FRQWURO WKHLU SRSXODWLRQ EHKDYLRXU > @ DQG 46 V\VWHPV KDYH
EHHQ FKDUDFWHULVHG WKDW LQIOXHQFH FHOOFHOO VLJQDOOLQJ VZDUPLQJ ELRILOP
IRUPDWLRQ DQG SDWKRJHQLFLW\ >@ ,Q PRVW ELRORJLFDO V\VWHPV TXRUXP
VHQVLQJ LV IDFLOLWDWHG E\ ORZ PROHFXODU ZHLJKW FRPSRXQGV WKDW DUH
SURGXFHG DQG VHQVHG E\ LQGLYLGXDO RUJDQLVPV 7KH ODWWHU FDQ UHJXODWH
WKHLU SRSXODWLRQ GHQVLW\ DFFRUGLQJ WR WKH SUHVHQFH RI WKHVH VPDOO
FRPSRXQGV ZKLFK DUH QDPHG DXWRLQGXFHUV > @ 7KH WHUP TXRUXP
VHQVLQJ ZDV ILUVW FRLQHG E\ .HQQHWK + :LOVRQ DQG -RKQ : +DVWLQJV
ZKLOH VWXG\LQJ WKH EDFWHULXP SKRWREDFWHULXP ILVFKHUL 9LEULR ILVFKHUL >
@,WZDVREVHUYHGWKDWWKHEDFWHULDGLGQRWH[SUHVVELROXPLQHVFHQFHXQWLO
WKH\UHDFKHGDFHUWDLQSRSXODWLRQGHQVLW\,WZDVKHQFHK\SRWKHVL]HGWKDW
WKH PROHFXODU PHFKDQLVP RI WKH ELROXPLQHVFHQFH SURFHVV PXVW EH




WHUPHG ´DXWRLQGXFHUVµ WR SRLQW RXW WKDW WKH\ FRXOG DFWLYDWH WKHLU RZQ
SURGXFWLRQDQGLQWXUQDFWLYDWHDZKROHFDVFDGHRIELRPROHFXODUSURFHVVHV
UHODWHG WR WKH ELROXPLQHVFHQFH H[SUHVVLRQ RI WKHVH EDFWHULD  6LQFH WKHQ
PDQ\VWXGLHVKDYHVXJJHVWHG WKDWTXRUXPVHQVLQJ LVDXQLYHUVDOFRQFHSW
LQWKHZRUOGRIPLFURRUJDQLVPVDQGWKHODWWHUFDQH[WHQVLYHO\XVHWKLVVRUW
RIPROHFXODUQHWZRUNV WR IDFLOLWDWHFRRSHUDWLYHEHKDYLRXU WRDFKLHYHFHOO
WRFHOO FRPPXQLFDWLRQ LQ EHWZHHQ VSHFLHV EXW DV ZHOO DV IRU LQWHUVSHFLHV
FRPPXQLFDWLRQ >  @8OWLPDWHO\ PLFURRUJDQLVPV FDQUHJXODWH WKHLU
FRORQL]DWLRQ EHKDYLRXU SDWKRJHQLFLW\ WR[LQV DQG YLWUXOHQFH IDFWRUV
SURGXFWLRQHWFWKURXJKTXRUXPVHQVLQJLQDSHUIHFWO\RUFKHVWHGPDQQHU

,Q JUDP QHJDWLYH EDFWHULD WKH PDMRULW\ RI DXWRLQGXFHUV DUH DF\O
KRPRVHULQH ODFWRQHV $+/V 7KH DF\O FKDLQ PD\ YDU\ LQ WKH FDUERQ
OHQJWK VDWXUDWLRQ OHYHO RU SUHVHQFH RU DEVHQFH RI R[R RU K\GUR[\O
VXEVWLWXWLRQVVHHWDEOH,7KHDPSKLSDWKLFFKDUDFWHURIWKHVHPROHFXOHV
UHVHPEOHV WKDW RI WKH OLSLGV WKDW PDNH XS WKH EDFWHULDO PDPEUDQH DQG
KHQFH WKH $+/V FDQ HDVLO\ GLIIXVH LQ DQG RXW WKH H[WUDFHOOXODU
HQYLURQPHQW2Q WKHRWKHUKDQG LQJUDPSRVLWLYHEDFWHULDJHQHUDOO\ WKH


























2I SDUWLFXODU LQWHUHVW IRU RXU DQDO\VLV LV WKH $XWR,QGXFHU  $,
PROHFXOH ZKLFK FRPSOH[HV ZLWK WKH /X[3SURWHLQ YLD D IXUDQRV\O ERUDWH
GLHVWHU$,LVDQLPSRUWDQWVLJQDOWKDWWULJJHUVDFDVFDGHRIELRPROHFXODU







)LJXUH  9LEULR KDUYH\L TXRUXP VHQVLQJ QHWZRUN FRPSULVHG E\ WKUHH
DXWRLQGXFHUV&$,+$,DQG$,>@

7KH TXRUXP VHQVLQJ VLJQDOOLQJ SDWKZD\ RI 9 KDUYH\L FRQVLVWV RI WKUHH









$W ORZ FHOO GHQVLWLHV DOO WKUHH VHQVRU NLQDVHV /X[4 DQG /X[1 DQG &TV6
DXWRSKRVSKRU\ODWH SDVVLQJ WKH SKRVSKDWH VLJQDO YLD /X[8 WR /X[2 ,Q LWV
SKRVSKRU\ODWHGVWDWH/X[2ZLWKWKHWUDQVFULSWLRQIDFWRUWHUPHGǔDFWLYDWHV





IRU WKH ELROXPLQHVFHQFH H[SUHVVLRQ 7KHUHIRUH RQO\ DW KLJK SRSXODWLRQ
GHQVLWLHV ZKHUH WKH VHQVRUV /X[4 DQG /X[1 DQG &TV6 LQWHUDFW ZLWK WKH
/X[2 ZKLFK LV QRZ GHSKRVSKRU\ODWHG YLD /X[8 LV WKH H[SUHVVLRQ RI WKH





)LJXUH  7KH $, RULJLQDWHV IURP WKH SUHFXUVRU PROHFXOH '3' WKDW
H[LVWV LQ HTXLOLEULXP ZLWK RWKHU UHDUUDQJHG IRUPV WKDW DUH DOVR DFWLYH LQ




9 KDUYH\L VHQVH $, OHYHOV LQ WKH PLFURHQYLURQPHQW DQG DGMXVW
SURSRUWLRQDOO\WKHLUSRSXODWLRQGHQVLW\WKLVLQWXUQUHVXOWVLQDQLQFUHDVH
LQ ELROXPLQHVFHQFH H[SUHVVLRQ &KDQJHV LQ OLJKW SURGXFWLRQ FDQ WKXV EH
XVHG DV VHQVLWLYH SUREHV RI 46 DFWLYLW\ LQ 9LEULR DQG RWKHU 46
FRPPXQLFDWLQJ EDFWHULD 6LQFH WKH $, PROHFXOH DQG RWKHU DXWRLQGXFHUV
DUH XVHG IRU 46 E\ FHUWDLQ LPSRUWDQW SDWKRJHQV FDSWXUHHOLPLQDWLRQ RI






)RU H[DPSOH UHVHDUFKHUV KDYH H[SORLWHG WKH IDFW WKDW WKH ODFWRQH ULQJ RI
WKH $+/V LV K\GUROL]DEOH E\ FHUWDLQ ODFWRQDVHV DQG WKHUHIRUH WKH
DXWRLQGXFHU FDQ EH UHQGHUHG LQDFWLYH >@ 2WKHU DSSURDFKHV LQFOXGH WKH
RUJDQLFV\QWKHVLVRI46DQWDJRQLVWVLQRUGHUWRLQKLELWTXRUXPVHQVLQJD
WHUP RIWHQ GHVFULEHG DV ´TXRUXP TXHQFKLQJµ >@ (VWHSKDQH HW DO
V\QWKHVL]HG$+/DQDORJXHVWKDWLQKLELWHGELROXPLQHVFHQFHRI9ILVKHULE\
DQWDJRQL]LQJ WKH QDWXUDO OLJDQG IRU OXPLQHVFHQFH R[R
KH[DQR\OKRPRVHULQH ODFWRQH >@ .LP HW DO VXFHVVIXOO\ V\QWKHVL]HG
TXRUXP TXHQFKHUV IRU 3VHXGRPRQDV $HUXJLQRVD ZKLFK LV D FRPPRQ
RSSRUWXQLVWLF SDWKRJHQ 7KH FRPSRXQGV SURGXFHG ZHUH IXUDQRQH




WULS\UUROH SLJPHQW PHWK\OSHQW\OPHWKR[\ SURGLJLRVLQ YLD DQ
$+/PHGLDWHG 46 PHFKDQLVP DW WKH VWDWLRQDU\ JURZWK SKDVH :KHQ WKH
EDFWHULD ZHUH JURZQ LQ WKH SUHVHQFH RI DQ RSWLPXP FRQFHQWUDWLRQ RI
F\FORGH[WULQVLQWKHJURZWKPHGLXPLWZDVREVHUYHGWKDWWKHSURGXFWLRQ
RISURGLJLRVLQZDVUHGXFHGE\DSSUR[LPDWHO\VXJJHVWLQJDUHGXFWLRQ
RI WKH $+/V DYDLODEOH WR EH GHWHFWHG E\ WKH EDFWHULD 7KLV LV RQH RI WKH









RI 9LEULR KDUYH\L ,QGHHG ILYH RI WKHVH FRPSRXQGV VKRZHG VLJQLILFDQW





,Q WKH VDPH FRQWH[W EXW IURP D GLIIHUHQW SHUVSHFWLYH ZH UHSRUW KHUH WKH
XVHRIVLPSOHPRGHOSRO\PHUVDVGLROVFDYHQJHUVLQRUGHUWRGHPRQVWUDWH
WKH FDSWXULQJ RI $, DQDORJXHV DV WKH ILUVW VWHSV WRZDUGV SRWHQWLDO 46
FRQWURO 2XU LQLWLDO DLPZDV WR PRGXODWH WKH 46 QHWZRUN E\ LQWURGXFLQJ
VPDUWSRO\PHUVLQRUGHUWRUHYHUVLEO\VZLWFKWKHJHQHH[SUHVVLRQ´RQµRU





HQYLURQPHQW $ VXFFHVVIXO SURRI RI FRQFHSW ZRXOG EH D YHU\ ILUVW VWHS
WRZDUGVDQRYHOPHDQVRILQWHUIHULQJLQ46QHWZRUNVE\LQWHUYHQLQJRQO\
ZKHQ QHHGHG DQG DW WKH H[DFW WLPH SRLQW WKDW 46 PRGXODWLRQ LV FULWLFDO
LHYLUXOHQFHSURGXFWLRQ$OVRWKHPRGHRIDFWLRQSURSRVHGLVQRWOHWKDO
IRU WKH EDFWHULD EXW UDWKHU LV D PRUH SUHIHUDEOH URXWH RI FRQWUROOLQJ WKH
EDFWHULDO EHKDYLRXU WR SUHYHQW LQIHFWLRQV DQG XOWLPDWHO\ GLVHDVH WKXV
DYRLGLQJ SRWHQWLDO PXWDWLRQV WKDW RIWHQ RFFXU ZLWK FRQYHQWLRQDO







$OO VROYHQWV DQG UHDJHQWV ZHUH RI DQDO\WLFDO RU +3/& JUDGH DQG
SXUFKDVHG IURP 6LJPD RU )LVKHU 6FLHQWLILF XQOHVV RWKHUZLVH VWDWHG
'HXWHUDWHG VROYHQWV ZHUH IURP 6LJPD RU &DPEULGJH ,VRWRSHV 1
LVRSURS\ODFU\ODPLGH 1,3$P 6LJPD ZDV UHFU\VWDOOLVHG IURP KH[DQH
$]RELVLVREXW\OQLWULOH $,%1 )LVKHU ZDV UHFU\VWDOOLVHG IURP HWKDQRO
&KDSWHU  0DWHULDOVDQG0HWKRGV
 
$FU\ODPLGR SKHQ\OERURQLF DFLG $3%$ ZDV V\QWKHVLVHG DFFRUGLQJ WR
SUHYLRXVO\SXEOLVKHGSURFHGXUHVJLYHQEHORZLQGHWDLO$,ZDVNLQGO\
SURYLGHG E\ %HQMDPLQ * 'DYLV DQG 3DXO *DUGQHU RI 2[IRUG 8QLYHUVLW\
*$/ SRO\PHU ZDV XVHG DV UHFHLYHG *(0$ SRO\PHU ZDV V\QWKHVL]HG
DFFRUGLQJWRWKHSURWRFROGHVFULEHGDWSWKHVDPHEDWFKZDVXVHG$
JDODFWRV\OR[\HWK\O PHWKDFU\ODWHEOEXW\ODFU\ODWH FRSRO\PHU *$/ ZDV
XVHGDVUHFHLYHG

*HO 3HUPHDWLRQ &KURPDWRJUDSK\ ZDV FDUULHG RXW XVLQJ 3RO\PHU
/DERUDWRULHV *3&  DQG  LQVWUXPHQWV ZLWK 5, GHWHFWRU 0ROHFXODU
ZHLJKWV ZHUH FDOFXODWHG EDVHG RQ XQLYHUVDO FDOLEUDWLRQ PHWKRG XVLQJ
SRO\VW\UHQH VWDQGDUGV7HWUDKDK\GURIXUDQ 7+)ZDV XVHG DV WKH PRELOH
SKDVHZLWK WROXHQH WUDFHDVPDUNHU+105VSHFWUDZHUHUHFRUGHGRQD
%UXNHU  0+] &ORXG SRLQW PHDVXUHPHQWV ZHUH PHDVXUHG E\ XVLQJ D
%HFNPDQ'8899LVVSHFWURSKRWRPHWHUHTXLSSHGZLWKDWKHUPRVWDW
XQLW )OXRUHVFHQFH VSHFWURPHWU\ ZDV FDUULHG RXW ZLWK D 9DULDQ &DU\
(FOLSVHIOXRUHVFHQFHVSHFWURSKRWRPHWHUHTXLSSHGZLWKDSHOWLHUDSSDUDWXV






$PLQRSKHQ\OERURQLF DFLG ZDV GLVVROYHG LQ 0 1D2+  P/ DQG
FRROHG LQ DQ LFH EDWK $FU\OR\O FKORULGH ZDV DGGHG GURSZLVH WR WKH
VROXWLRQ ZLWK LQWHQVLYH PDJQHWLF VWLUULQJ IRU  PLQ +\GURFKORULF DFLG
0ZDVWKHQDGGHGGURSZLVHWRWKHUHDFWLRQPL[WXUHWRDGMXVWWKHS+WR
FD  7KH SUHFLSLWDWH RI WKH SURGXFW ZDV UHPRYHG E\ ILOWUDWLRQ DQG
UHGLVVROYHG LQ GLVWLOOHG ZDWHU RQ KHDWLQJ VORZO\ WR  R& 7KHQ WKH
UHVLGXDO LQVROXEOH LPSXULWLHV ZHUH ILOWHUHG RII 7KH ILQDO SURGXFW ZDV






HDFK YLQ\O&+     GGGG V + HDFK $U+  V +
%2+  V + 1+ 'DWD REWDLQHG LV FRPSDUDEOH WR WKH OLWHUDWXUH
>@







7\SLFDO H[DPSOH RI IUHH UDGLFDO SRO\PHUL]DWLRQ IRU SRO\1,3$FR$3%$
LV JLYHQ EHORZ ,Q D WKLFN ZDOOHG 6FKOHQN IODVN 1,3$P DQG $3%$ DW
PRODUUDWLRVZHUHGLVVROYHG LQ7+)JP/HTXLYDOHQW$,%1
ZDV DGGHG LQ WKH IODVN IROORZHG E\ WKUHH IUHH]H WKDZ F\FOHV XVLQJ D
YDFXXP OLQH 7KH IODVN ZDV SODFHG LQ DQ RLO EDWK DW  R& IRU  KRXUV
$IWHU FRROLQJ GRZQ WR URRP WHPSHUDWXUH WKH SRO\PHU ZDV LVRODWHG E\
GRXEOH SUHFLSLWDWLRQ LQ ODUJH H[FHVV RI GLHWK\O HWKHU DQG GULHG XQGHU





/&67 WXUELGLW\ DVVD\V ZHUH SHUIRUPHG E\ PHDVXULQJ WKH DEVRUEDQFH RI
SRO\PHUVDPSOHVLQJO\FLQHEXIIHUP0 LQUHVSHFW WR WHPSHUDWXUH








3RO\1,3$0FR$3%$  PJP/ ZHUH GLVVROYHG 6DPSOH  P/ ZDV
DGGHG LQ D TXDUW] FXYHWWH  FP SDWK OHQJWK DQG WKH IXOO IOXRUHVFHQFH





7R D IUHVKO\ SUHSDUHG JO\FLQH EXIIHU S+  $5  P0
SKHQ\OERURQLF DFLG 3%$  Q0 DQG SRO\PHU  PJP/ IRU 39$
*(0$ DQG  PJP/ IRU *$/ ZHUH GLVVROYHG ,PPHGLDWH FKDQJH LQ
FRORXUIURPEXUJXQG\WRRUDQJHDQGVXEVHTXHQWVOLJKWFRORXUIDGLQJZDV
REVHUYHGXSRQDGGLWLRQRI3%$DQGSRO\PHUUHVSHFWLYHO\6DPSOHP/
ZDV DGGHG LQ WKH TXDUW] FXYHWWH DQG WKH IXOO IOXRUHVFHQFH VSHFWUXP ZDV









 ,PPHGLDWHO\ EHIRUH XVH JO\FHURO  Ǎ/  DTXHRXV VROXWLRQ
SRWDVVLXPSKRVSKDWHǍ/0DTXHRXVVROXWLRQDQG/DUJLQLQH







SODWH 7KH EDFWHULD ZHUH WKHQ JURZQ ZLWK DHUDWLRQ DW R& IRU  K :H
WKHQ LQRFXODWHG ZLWK WKLV SUHFXOWXUH $% PHGLXP  DQG YRUWH[HG
FDUHIXOO\ 7KH LQRFXODWHG PHGLXP ZDV FRPELQHG ZLWK WKH VDPSOH RI
LQWHUHVW LH SRO\PHU VROXWLRQ DW  UDWLR LH  Ǎ/ VDPSOH DQG  Ǎ/
$%PL[%LROXPLQHVFHQFHDQGRSWLFDOGHQVLW\ QPZHUHUHFRUGHGDW
R&HYHU\PLQXWHVIRUDWOHDVWKRXUVLQDZHOOSODWH)RU9KDUYH\L
00 $, ZDV DGGHG WR D ILQDO FRQFHQWUDWLRQ RI  Ǎ0 )LQDO SRO\PHU
FRQFHQWUDWLRQV WHVWHG ZHUH VHW DW  PJP/ LQ RUGHU WR DFKLHYH H[FHVV
GLRO SUHVHQFH UHODWLYH WR $, 7KH H[SHULPHQWV ZHUH FRQGXFWHG LQ
GRXEOLFDWHDQGDOOFXUYHVDUHGHULYHGIURPWKHPHDQYDOXHV7KHXQSDLUHG





)RU RXU LQLWLDO DWWHPSWV WR ELQG 46 VLJQDO PROHFXOHV ZH GHFLGHG WR XVH
FRSRO\PHUV EDVHG RQ 1,3$0 GXH WR LWV SUHGLFWDEOH /&67 EHKDYLRXU DW
WHPSHUDWXUHV DURXQG WKH JURZWK FRQGLWLRQV RI WKH 9LEULR VSHFLHV :H
SUHSDUHGDQDFU\ODPLGRSKHQ\OERURQLFDFLGPRQRPHULQRUGHUWRVFDYHQJH
WKH $, WKURXJK ERURQDWH HVWHU IRUPDWLRQ YLD WKH GLROV SUHVHQW RQ WKH
QROHFXOH
7KHSRO\PHUZDVSURGXFHGE\IUHHUDGLFDOSRO\PHUL]DWLRQDFFRUGLQJWRD
SXEOLVKHG PHWKRG >@ :H FRXOG WUDFH DOO FKHPLFDO JURXSV RI LQWHUHVW RI
WKHSRO\PHUE\+105ILJXUH7KHUDWLRRIWKHPRQRPHUVFRXOGEH








%RURQLF DFLG FRQWDLQLQJ WKHUPRUHVSRQVLYH SRO\PHUV KDYH EHHQ
H[WHQVLYHO\VWXGLHGIRUWKHVHQVLQJDQGFDSWXUHRIJOXFRVHIRUDSSOLFDWLRQ





































7KH RSWLPXP S+ ZDV  LH DW WKH S.D RI SKHQ\OERURQLF DFLG EXW ZH
REVHUYHGWKDWWKHELQGLQJSKHQRPHQRQZDVDOVRDSSDUHQWDWS+ZKLFK
LV PRUH UHOHYDQW WR WKH EDFWHULDO JURZWK FRQGLWLRQV > @ $OVR FRQWURO
H[SHULPHQWVZLWKRXWVXJDUEXWZLWKYDU\LQJS+ZHUHFRQGXFWHGWRVHHWKH
HIIHFWRIS+RQWKHSRO\PHUDVWKHERURQLFDFLGPRLHWLHVDUHLRQL]DEOHDQG
H[SHFWHG WR EH PRUH K\GURSKLOLF LQ D FKDUJHG VWDWH WKDW LV LQ DONDOLQH
&KDSWHU  5HVXOWVDQG'LVFXVVLRQ
 
FRQGLWLRQV FD S+  ,Q WKH FRQWURO H[SHULPHQW S+ DIIHFWHG WKH /&67
RQVHW WR VRPH H[WHQW FD  GHJ FHOVLXV ILJXUH D $W S+  ZKHUH
ERURQDWHHVWHUIRUPDWLRQ LVQRW IDYRUHG WKH/&67RQVHWLV WKHVDPHHYHQ
LQ WKH SUHVHQFH RI  P0 JOXFRVHERUDWH ZKLFK LQGHHG FRQILUPV WKH
DEVHQFH RI DQ\ VFDYHQJLQJ SKHQRPHQD ILJXUH E 'RVHGHSHQGHQW




WKH IDFW WKDW RQO\ D IUDFWLRQ RI WKH ERURQLFDFLG PRLHWLHV DUH LRQL]HG DQG
KHQFH DEOH WR VHTXHVWHU WKH GLRO 1HYHUWKHOHVV ZH DQWLFLSDWHG WKDW DW
EDFWHULDO JURZWK FRQGLWLRQV D VXIILFLHQW IUDFWLRQ RI ERURQLF DFLG JURXSV
VKRXOG EH LQ D FKDUJHG DQG ´DFWLYHµ IRUP WR FDSWXUH WKH $, ZKLFK LV
IRXQGLQPLFURPRODUTXDQWLWLHVLQWKHEDFWHULDOPLFURHQYLURQPHQW
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,Q RUGHU WR GHPRQVWUDWH WKH UHYHUVLEOH PRGH RI DFWLRQ RI WKH SRO\PHUV
DFFRUGLQJ WR WHPSHUDWXUH VWLPXOXV ZH HPSOR\HG D IOXRUHVFHQFH DVVD\
EDVHGRQWKHGLROFRQWDLQLQJG\HDOL]DULQUHG6$5>@

,W LV ZHOONQRZQ WKDW $5 LV DEOH WR LQWHUDFW ZLWK ERURQLF DFLG WKURXJK
UHYHUVLEOH ERURQDWH IRUPDWLRQ > @ 7KH FRORXU RI $5 GHSHQGV RQ WKH
FRQGLWLRQVDQGDSSHDUVDVEXUJXQG\LQDONDOLQHS+a>@0L[LQJ
RI WKH SRO\PHU ZLWK WKH G\H UHVXOWHG LQ D FRORXU FKDQJH IURP OLJKW




WKH /&67 WKH FRORXU FKDQJH UHWXUQHG DV LQ D SRO\PHUIUHH VWDWH
VXJJHVWLQJ WKH UHOHDVH RI $5 PROHFXOHV IURP WKH FRSRO\PHU LQ D
WHPSHUDWXUHGHSHQGHQWPDQQHU
































IOXRUHVFHQFH GHFUHDVHG JUDGXDOO\ DV WKH WHPSHUDWXUH LQFUHDVHG ILJXUH 
 KRZHYHU WKHUH ZDV D GUDPDWLF GHFUHDVH LQ WKH IOXRUHVFHQFH HPLVVLRQ
PD[LPD DERYH  R& ZKLFK FRLQFLGHG ZLWK WKH /&67 RQVHW RI WKH
SRO\PHU 7KLV VXJJHVWHG WKDW DV WKH FRSRO\PHU FROODSVHG IURP VROXWLRQ
WKH $5 ZDV UHOHDVHG IURP WKH FRSRO\PHU FKDLQV 7KH PHFKDQLVP
XQGHUO\LQJWKHIOXRUHVFHQFHFKDQJHVLVDVIROORZVZKHQWKH$5ZDVLQWKH
XQERXQG VWDWH WKH SURWRQV RI K\GUR[\ODQWKUDTXLQRQHV TXHQFKHV WKH
IOXRUHVFHQFH %LQGLQJ RI D ERURQLF DFLG ILJXUH  WR WKH GLROV RI $56
UHPRYHG WKH DFWLYH SURWRQ DQG SUHYHQWHG IOXRUHVFHQFH TXHQFKLQJ




GHPRQVWUDWHG E\ D SUHYLRXV VWXG\ LQYHVWLJDWLQJ $5GLRO UHOHDVH IURP









































)LJXUH  $OL]DULQ IOXRUHVFHQFH VSHFWUD DW YDU\LQJ WHPSHUDWXUHV LQ
SUHVHQFH RI WKH SRO\PHU D DQG YLVXDO LQVSHFWLRQ RI WKH FRORULPHWULF
FKDQJHDERYHEDQGEHORZF/&67

8QIRUWXQDWHO\ZKHQ WKHSRO\PHUVZHUH WHVWHGXVLQJ WKHEDFWHULDJURZWK
PHGLD WKH /&67V ZHUH VLJQLILFDQWO\ GHFUHDVHG GXH WR WKH VDOWULFK
HQYLURQPHQWV KHQFH SUHYHQWLQJ XV IURP XVLQJ WKHP XQGHU FHOO FXOWXUH
FRQGLWLRQV$OVRWKHIDFWWKDWWKHERURQLFDFLGJURXSVZHUHRQO\RIWKH
PRQRPHU FRQWHQW GHPDQGHG KLJK SRO\PHU FRQFHQWUDWLRQV LQ WKH JURZWK
PHGLD WR UHDFK WKH OHYHO RI WKH $, LQ RUGHU WR DFKLHYH VXIILFLHQW
VFDYHQJLQJ :H WKHUHIRUH DWWHPSWHG WR V\QWKHVL]H FRSRO\PHUV RI KLJKHU
ERURQLF DFLG FRQWHQW E\ FRPELQLQJ D WKLUG K\GURSKLOLF PRQRPHU
DFU\ODPLGHEXWREVHUYHGHLWKHUVLJQLILFDQWJHODWLRQRI WKH ILQDOSRO\PHU
LQ WKH HQG RI WKH SRO\PHUL]DWLRQ RU FRPSOHWH ORVV RI WKH VKDUS /&67








VWUXFWXUHV VSHFLILFDOO\ WKHVH ZHUH SRO\YLQ\O DOFRKRO 39$ 6LJPD 0:

























:H VHOHFWHG 39$ DV D FRPPHUFLDOO\ DYDLODEOH ELRFRPSDWLEOH SRO\PHU
NQRZQ WR LQWHUDFW ZLWK ERURQLFERULF DFLGV > @ *(0$ ZDV
V\QWKHVLVHG LQ RUGHU WR XVH JOXFRVLGH UHSHDW XQLWV ZKLFK DOVR ELQG
VWURQJO\ ZLWK ERURQLF DFLGV :H GHVLJQHG *$/ DV D PRGHO EORFN
FRSRO\PHUWKDWIRUPVPLFHOOHVLQVROXWLRQRIIHULQJWKHSRVVLELOLW\WKDWWKH
JDODFWRVHULFKVKHOOFRXOGELQG$,ZKLOH WKHPLFHOODUDUFKLWHFWXUHFRXOG
EH XVHG WR SURYLGH D ´VFDIIROGµ WR SUHVHQW WKH JDODFWRVH OLJDQGV LQ DQ
RSWLPXPH[SRVHGIRUPWRVHTXHVWHU$,





DVDVLPSOHDQDORJ\RID46QHWZRUNZKHUH WKHG\HSOD\V WKHUROHRI WKH







)LJXUH  46 VFDYHQJLQJ QHWZRUN D LQFRPSDULVRQZLWK $5 DQG 46
DQDORJXHSKHQ\OERURQLFDFLG3%$

3UHOLPLQDU\ H[SHULPHQWV ZLWK 3%$ LQGLFDWHG VLJQLILFDQW VXSSUHVVLRQ RI
IOXRUHVFHQFH LQWHQVLW\ E\ DOO WKH SRO\PHUV$OVR WKH SRO\PHUV VFDYHQJHG
WKH ERUDWH DV WKH DOL]DULQ DVVD\ VKRZHG YLD VLJQLILFDQW GHFUHDVH RI WKH
IOXRUHVFHQFH LQWHQVLW\ GXH WR FRPSHWLWLYH ELQGLQJ RI WKH DXWRLQGXFHU
ZKHWKHU WR WKH SRO\PHU RU WKHG\H1RWH WKDW ERUDWH LV SDUW RI WKH DFWLYH
IRUP RI WKH $, DQG KHQFH FDSWXULQJ RI ERUDWH PROHFXOHV FRXOG
SRWHQWLDOO\OHDGWR46VXSSUHVVLRQ



















































%LROXPLQHVFHQH DVVD\V ZHUH FDUULHG RXW XVLQJ ZLOG VWUDLQ 9LEULR KDUYH\L
%% WKDWSURGXFHV LWVRZQ$,46VLJQDO LQ WKHSUHVHQFHDQGDEVHQFH
RISRO\PHUV/LJKWSURGXFWLRQWLPHFXUYHVVKLIWHGWRWKHULJKWLQDOOFDVHV
LQGLFDWLYHRIDGHOD\LQELROXPLQHVFHQFHRQVHWLQSUHVHQFHRIWKHSRO\PHUV
ILJXUH  ,Q DGGLWLRQ WKHUH ZHUH DW OHDVW  GLVWLQFW SKDVHV LQ WKH
ELROXPLQHVFHQFHWLPH FXUYHV IRU DVVD\V LQ WKH SUHVHQFH RI SRO\PHUV LQ














GHFUHDVHV LQ WKH OLJKW SURGXFWLRQ DIWHU  KRXUV RI LQFXEDWLRQ ZKHUH WKH
ELROXPLQHVFHQFHPD[LPDLVREVHUYHGFDLQKRXUV6LPLODUDVVD\VZHUH
FDUULHG RXW XVLQJ WKH 00 VWUDLQ ZKLFK ODFNV WKH /X[1 HQ]\PH
UHVSRQVLEOH IRU '3' ELRV\QWKHVLV EXW ZKLFK UHVSRQGV WR $, LI DGGHG
H[WHUQDOO\ $JDLQ D VLJQLILFDQW GHFUHDVH ZDV REVHUYHG LQ WKH OLJKW
SURGXFWLRQPD[LPDIRUDOOWKUHHSRO\PHUVWHVWHGILJXUH













*URZWK FXUYHV RI EDFWHULD LQGLFDWHG QR WR[LFLW\ IRU DQ\ RI WKH SRO\PHUV
DQGLQDOOFDVHVWKHWRWDOELROXPLQHVFHQFHWHQGHGWR¶QRUPDO·DIWHUK





























































SHUVSHFWLYH WKHUH LV LQGHHG DQ HIIHFW RI WKH SRO\PHUV RQ WKH TXRUXP
VHQVLQJQHWZRUNDQGXOWLPDWHO\RQWKHLUJHQHH[SUHVVLRQWKRXJKLWLVQRW
XQDPELJXRXV \HW ZKHWKHU WKH HIIHFW FDQ EH VROHO\ DWWULEXWHG WR WKH
VFDYHQJLQJ RI $, E\ WKH SRO\PHUV :H GR QRW NQRZ H[DFWO\ ZKHWKHU
WKHUH LV LQGHHG DQ HIIHFW RI WKH SRO\PHUV WR WKH FHOOV GLUHFWO\ RU ZKHWKHU




$, RFFXUV EXW WKH ERURQDWHGLRO FRPSOH[ HTXLOLEULXP .D  SUHYHQWV
FRPSOHWH VXSSUHVLRQ RI WKH 46 VLJQDO DV WKHUH ZLOO DOZD\V EH VRPH QRQ
SRO\PHUERXQG$,LQVROXWLRQXQGHUDVVD\FRQGLWLRQVS+LLORFDO













,Q VXPPDU\ ZH UHSRUW IRU WKH ILUVW WLPH WKH HIIHFWV RI SRO\K\GUR[\O
PDWHULDOV DQG JO\FRSRO\PHUV RQ 46 VLJQDOOLQJ DQG WKH GHOD\ DQG
VXSSUHVVLRQ RIELROXPLQHVFHQFH LQ 9LEULR KDUYH\L 7KH SRO\PHUV VKRZHG
DFWLYLW\ WR VRPH H[WHQW DV PRGXODWRUV WKDW FDQ VFDYHQJH DQ LPSRUWDQW
DXWRLQGXFHUIRXQGLQPDQ\EDFWHULDOVSHFLHV7KHVHUHVXOWVDUHSURPLVLQJ
DV WKH PDWHULDOV XVHG ZHUH VLPSOH LQ VWUXFWXUH RQH SRO\PHU ZDV
FRPPHUFLDOO\DYDLODEOH7KHUHIRUHZHHQYLVDJHWKDWEDVHGRQRXUILQGLQJV
ZHZLOOEHDEOHWRDSSO\WKHDSSURSULDWHSULQFLSOHVLQWKHPDWHULDOVGHVLJQ
WR LPSURYH WKHDFWLYLW\RIRXUSRO\PHULFVFDYHQJHUVEDVHGRQ WKHFHUUXQW
ILQGLQJV

2Q WKH RWKHU KDQG ZH IDLOHG WR GHPRQVWUDWH WKH SURRI RI SULQFLSOH ZLWK
WKHUPRUHVSRQVLYHSRO\PHUVDVLWZDVQRWSRVVLEOHWRWDUJHWWKH$,XQGHU
ELRDVVD\ FRQGLWLRQV +RZHYHU ZH VWURQJO\ EHOLHYH WKDW EHWWHU GHVLJQHG
SRO\PHUV WKDW DUH FDSDEOH WR UHVSRQG DW WKH H[DFW FRQGLWLRQV QHHGHG LV
FHUWDLQO\ SRVVLEOH DQG LQ FRPELQDWLRQ ZLWK RXU ILQGLQJV EDVHG RQ WKH
SRO\K\GUR[\O FRPSRXQGV RXU YLVLRQ RI VPDUW TXRUXP TXHQFKHUV ZLOO
EHFRPH UHDOLW\ )RU H[DPSOH ZLVH VHOHFWLRQ RI PRQRPHUV LQ RUGHU WR
DFKLHYHKLJKHU/&67UHVSRQVHE\UHWDLQLQJWKHVKDUSQHVVRIWKHRQVHWDQG














)LQDOO\ GHVSLWH WKH DSSDUHQW HIIHFW RI WKH SRO\PHUV RQ WKH
ELROXPLQHVFHQFH H[SUHVVLRQ WKHUH QHHG WR EH PRUH VWXGLHV WR IXOO\
XQGHUVWDQGWKHPHFKDQLVPE\WKHVHSRO\PHUVRSHUDWHRQWKH46QHWZRUNV
DQG ZKHWKHU SRO\PHUV FDQ EH GHYLVHG WKDW DFWLYHO\ UHVSRQG WR WKH
EDFWHULDO FRPPXQLFDWRQ SDWKZD\V 'R WKH SRO\PHUV DIIHFW JHQH
H[SUHVVLRQRULV WKHLUHIIHFW OLPLWHG WRVHFRQGDU\LQWHUDFWLRQVSHUKDSVQRW
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UHSRUWHU IRU VWXG\LQJ WKH ELQGLQJ RI ERURQLF DFLGV ZLWK FDUERK\GUDWHV
&KHPLFDO&RPPXQLFDWLRQVS
 *H+<:'LQJ&&0DDQG*==KDQJ7HPSHUDWXUHFRQWUROOHG
UHOHDVH RI GLROV IURP 1LVRSURS\ODFU\ODPLGHFRDFU\ODPLGRSKHQ\OERURQLF




 D FDXWLRQDU\ WDOH &KHPLFDO &RPPXQLFDWLRQV  S 

 +DVKLPRWR 6 DQG . )XUXNDZD ,PPRELOL]DWLRQ RI $FWLYDWHG6OXGJH
E\ 3YD %RULF$FLG 0HWKRG %LRWHFKQRORJ\ DQG %LRHQJLQHHULQJ 
S
 3HSSDV 1$ DQG 1. 0RQJLD 8OWUDSXUH SRO\YLQ\O DOFRKRO
K\GURJHOV ZLWK PXFRDGKHVLYH GUXJ GHOLYHU\ FKDUDFWHULVWLFV (XURSHDQ
-RXUQDO RI 3KDUPDFHXWLFV DQG%LRSKDUPDFHXWLFV  S 

 3DVSDUDNLV * $ &RFND\QH DQG & $OH[DQGHU &RQWURO RI EDFWHULDO
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,Q  ZH DQG RWKHUV UHSRUWHG RQ D PRGHUQ YHUVLRQ RI WKH ZHOONQRZQ
7XULQJ 7HVW ZLWK WKH DLP WR FODULI\ WKH SULQFLSOHV QHHGHG WR DSSURDFK WKH
FRQFHSW RI DUWLILFLDO FHOOXODULW\ >@ ,Q WKH V $ODQ 7XULQJ SURSRVHG DQ
LQWHOOHFWXDO WHVW LQ RUGHU WR DQVZHU WKH TXHVWLRQ ´FDQ PDFKLQHV WKLQN"µ >@




DLPLQJ WR GUDZ D FRQFOXVLRQ RQ ZKLFK URRP LV HDFK VXEMHFW ,I WKH
LQWHUURJDWRU IDLOV WKH WHVW IRU WKH PDFKLQH LV VXFFHVVIXO DV WKH IRUPHU LV
SUDFWLFDOO\ ´IRROHGµ E\ D QRQLQWHOOLJHQW REMHFW 7KXV ZH FDQ FODLP WKDW WKH
PDFKLQH LV LQWHOOLJHQW GH IDFWR 7KLV YHU\ WHVW FLUFXPYHQWV WKH GLOHPPDV
UHJDUGLQJWKHGHILQLWLRQVRIWHUPVVXFKDV´LQWHOOLJHQFHµDQG´FRQVFLRXVQHVVµ







7KH DQDORJRXV WHVW UHSRUWHG LV D ELRORJLFDO YHUVLRQ RI WKH 7XULQJ WHVW WKDW
VHHNVWRDQVZHUWKHTXHVWLRQ´KRZDOLYHDQDUWLILFLDOHQWLW\FDQEHµILJXUH
 2XU SHUFHSWLRQ RI ZKDW LV DOLYH DQG ZKDW LV QRW DQG RI WKH OLVW RI
SURSHUWLHV WKDW D V\VWHP PXVW KDYH LQ RUGHU WR EH FDOOHG ´DOLYHµ DUH




















,QSDUDOOHO WR WKHRULJLQDO7XULQJ WHVWZHSURSRVH WKHXVH RID UHSRUWHUFHOO
VSHFLHV ZLWK WKH UROH RI WKH LQWHUURJDWRU ILJXUH  WDEOH , 7KH QDWXUDO
FHOOV DUH DEOH WR FRPPXQLFDWH DQG VHQVH HDFK RWKHU E\ WKH H[FKDQJH RI
ELRPROHFXODU PHVVDJHV WKDW DUH PHGLDWHG E\ VPDOO PROHFXOHV RU WKURXJK
DGKHVLRQ SKHQRPHQD E\ OLJDQGUHFHSWRU LQWHUDFWLRQV  )RU H[DPSOH DV
GLVFXVVHG LQ FKDSWHU IRXU LQ WKH EDFWHULDO NLQJGRP DXWRLQGXFHUV DQG
&KDSWHU  &RQFOXGLQJ5HPDUNV²)XWXUH3URVSHFWV
 





RU ´&+(//6µ 7KH LQWHUURJDWRU FHOOV DWWHPSW WR GLVWLQJXLVK RWKHU FHOOV RI

















ORQJ SHULRGVF\FOHV RI ´FRPPXQLFDWLRQµ WKHQ WKH\ PXVW H[KLELW VRPH
SURSHUWLHVRIQDWXUDOFHOOVWKDWRQO\OLYLQJV\VWHPVVHHPWRSRVVHVVDQGWKHVH
DUH VHOIVXVWDLQDELOLW\ HYROXWLRQ FDSDFLW\ DQG LQIRUPDWLRQ WUDQVSRUW LH
PHWDEROLVP

7KLV 7KHVLV ZDV DLPHG DW WDNLQJ WKH ILUVW SUDFWLFDO VWHSV WRZDUGV D
FRQFHSWXDOO\ VLPSOH LI GLIILFXOW WR UHDOL]H TXHVWLRQ FDQ QRQELRORJLFDO




UHVSRQVLYH DQG DGDSWLYH PDWHULDO ¶SRSXODWLRQV· ZLOO IRUP D QHZ FODVV RI












REMHFWLYHV DOEHLW DQ DPELWLRXV LGHD PLJKW OHDG QRW RQO\ WR QHZ IRUPV RI
PDWHULDOV ZLWK SUDFWLFDO DSSOLFDWLRQ DV VHQVRUV GLDJQRVWLFV DQG WKHUDSHXWLF
GHYLFHV EXW ZKLFK PD\ DV D ORQJHUWHUP REMHFWLYH H[KLELW SURSHUWLHV WKDW
H[WHQGEH\RQGPLPLFU\RIELRORJLFDOLQWHUDFWLRQVLQWRWKHUHDOPVRIDUWLILFLDO




















VR WKDW WKHUH LV QR F\WRWR[LFLW\ WR DOORZ LQ YLYR UHJXODWLRQ DQG SRVVHVV D
YDULHW\ RI OLJDQGV WKDW FDQ PHGLDWH LQWHUDFWLRQ ZLWK QDWXUDO FHOOV LH
PHPEUDQH SURWHLQV FDUERK\GUDWHV HWF $OVR WKH PHPEUDQH VKRXOG EH












V\VWHPLV UHTXLUHGVR WKDW WKH&+(//6DUHFDSDEOH WRJHQHUDWH LQIRUPDWLRQ
DQGPDQDJHHQHUJ\ LQSXW ,GHDOO\&+(//6PXVWEHVHOIUHSURGXFLEOHZLWK
WKH DELOLW\ RI WUDQVSRUWLQJ LQIRUPDWLRQ DORQJ GLIIHUHQW JHQHUDWLRQV VR WKDW D
SVHXGRHYROYDEOHQDWXUHLVGHYHORSHG7KHZLVKOLVWLVUDWKHUDPELWLRXVDQG
LQ SUDFWLFH GHVFULEHV WKH IXQFWLRQV RI D QDWXUDO FHOO EXW ZH WKLQN WKDW




PHPEUDQH RI WKH &+(//V FRQVLVWV RI SRO\PHULF PDWHULDOV WKDW UHVSRQG WR
H[WHUQDO VWLPXOL VXFK DV S+ RU WHPSHUDWXUH 7KLV LQ WXUQ FDQ DOWHU WKH
GLIIXVLRQ SURSHUWLHV RI WKH PHPEUDQH DQG KHQFH UHJXODWH WKH WUDQVSRUW RI
PROHFXODUPHVVDJHVDFURVVWKHELOD\HU$WHDFKVWLPXOXVWULJJHUDFHOO&+(//
LQWHUDFWLRQ LVSUREHGE\IRUPDWLRQRIGLVFUHWHYHVLFOHFHOOFRPSOH[HVVLPLODU
WR WKRVH SUHVHQWHG LQ FKDSWHU  8SRQ IRUPDWLRQ RI WKH FRPSOH[HV WKH
&+(//6 DUH LQ FORVH SUR[LPLW\ZLWK WKH QDWXUDO FHOOV WR PHGLDWH PROHFXODU
WUDQVSRUW DQG LQLWLDWH D ´FRQYHUVDWLRQµ 7KH PROHFXODU VLJQDOV IURP WKH
&+(//6 WR WKH FHOOV KDYH D PHDVXUDEOH LPSDFW RQ WKH ODWWHU WKDW FDQ EH
PRQLWRUHGE\FRQYHQWLRQDOELRPROHFXODUDVVD\VLHJHQHH[SUHVVLRQSURILOHV
SURWHLQ'1$ SURGXFWLRQ HWF &RQYHUVHO\ WKH FHOOV UHVSRQG DQG H[SUHVV
WKHLU RZQ VLJQDOV WKDW DUH FDSWXUHG E\ WKH &+(//6 7KHVH VLJQDOV VKRXOG
DOVRKDYHDQLPSDFWWRWKHSVHXGRPHWDEROLVPRIWKH&+(//6DQGDOWHUWKHLU
FHOOVLJQDOLQJ SURGXFWLRQ 5HPRYDO RI WKH H[WHUQDO VWLPXOXV FRPSOHWHV WKH
FRQYHUVDWLRQ ORRS E\ VKXWWLQJ RII WKH PROHFXODU WUDQVSRUW DQG UHYHUVLQJ RI
WKHFOXVWHULQJIRUPDWLRQ,QWKHVFKHPDWLFVKRZQWKLVFRPPXQLFDWLRQF\FOHLV
FDUULHGRXWE\H[SORLWLQJDPRGHOTXRUXPVHQVLQJQHWZRUNRI(&ROLDVWKH
PROHFXODU ODQJXDJH 7KH FRQYHQLHQFH RI 46 LQ WKH ODQJXDJH HVWDEOLVKPHQW










FDUERK\GUDWH PROHFXOHV WKDW DUH UHFRJQL]HG E\ VXJDU UHFRJQLWLRQ VLWHV
H[SUHVVHV RQ EDFWHULDO VXUIDFHV LH ILP+ PRWLI :H KDYH DOVR EHHQ DEOH WR
GHPRQVWUDWHWKHWULJJHULQJDQGFRQWURORIWKHVHHYHQWVE\LQWURGXFLQJZHOO
VWXGLHGWKHUPRUHVSRQVLYHSRO\PHUVDVGHVFULEHGLQFKDSWHUWZR7KHVHVPDUW
JO\FRSRO\PHUV DUH D SULPLWLYH VWHS WR DFKLHYH WKLV G\QDPLF DGKHVLRQ ZLWK





:H DOVR H[WHQGHG WKLV DSSURDFK E\ LQWURGXFLQJ EORFNFRSRO\PHUV WKDW
DVVHPEOHLQWRYHVLFOHVDQGFDQDOVRWULJJHUEDFWHULDYHVLFOHVFOXVWHUIRUPDWLRQ
YLDOLJDQGUHFHSWRULQWHUDFWLRQV7KHVXJDUULFKFRURQDHRIWKHYHVLFOHVHQVXUH
WKH KLJK VSHFLILFLW\ RI LQWHUDFWLRQ VLPLODU WR WKH JO\FRFDO\[ IRXQG LQ
PDPPDOLDQFHOOV$OVRPROHFXODUWUDQVSRUWZDVIDFLOLWDWHGIURPWKHYHVLFOHV
WR WKH LQWHULRU RI EDFWHULDO FHOOV DV HYLGHQFHG E\ WKH HWKLGLXP EURPLGH






$OVR WKH YHVLFOHV ZHUH IRXQG WR DOWHU WKHLU VL]H DFFRUGLQJ WR WHPSHUDWXUH
VWLPXOLDV WKHFRUHVHJPHQWVDUHPDGHRI3'(*0$XQLWV7KLV LPSOLHV WKDW
WKH GLIIXVLRQ FRHIILFLHQW RI WKH YHVLFXODU ELOD\HU VKRXOG DOVR FKDQJH XSRQ
WKHUPDO SHUWXUEDWLRQ QRW RQO\ GXH WR WKH VL]H FKDQJH EXW DOVR GXH WR WKH
SK\VLFRFKHPLFDOFKDQJHRI3'(*0$7KLVHIIHFWKDVQRW\HWEHHQH[SORLWHG
LQ WKH FXUUHQW VWXG\ EXW FOHDUO\ SRVHV LPSOLFDWLRQ IRU D VWLPXOXV
WULJJHULQJHQKDQFHPHQW RI WKH WUDQVSRUW HYHQWV VWXGLHG LQ WKLV PRGHO )RU
H[DPSOHGLIIHUHQWGLIIXVLRQUDWHVDFURVVWKHYHVLFXODUELOD\HUDUHH[SHFWHGDW
YDU\LQJ WHPSHUDWXUHVDV WKHDPSKLSKLOLFFKDUDFWHURI WKHSRO\PHULFVKHOO LV
GUDPDWLFDOO\DOWHUHGYLDWKH/&677KLVFRXOGEHDUDWKHUFUXGHDSSURDFKRI
VHOHFWLYH WUDQVSRUW DFURVV WKH PHPEUDQH RI WKH YHVLFOHV ZKLFK LV
DFFRPSOLVKHG LQ FHOOXODU PHPEUDQHV PDLQO\ WKURXJK PHPEUDQH ERXQG
SURWHLQV

,Q FKDSWHU IRXU ZH H[SORUHG IRU WKH ILUVW WLPH WKH SRVVLELOLW\ RI TXRUXP
VHQVLQJVXSSUHVVLRQE\LQWURGXFLQJVLPSOHSRO\PHULFVFDYHQJHUVWKDWFRXOG
FDSWXUH DXWRLQGXFHUV :H VWXGLHG WKH TXRUXP VHQVLQJ QHWZRUN RI 9LEULR
KDUYH\LDVDPRGHOZKLFKLVZHOOFKDUDFWHUL]HGDQGFDQEHHDVLO\PRQLWRUHG
E\ ELROXPLQHVFHQFH DVVD\V :H KDYH GHPRQVWUDWHG WKDW PRGXODWLRQ RI WKH
46 QHWZRUN RI 9 KDUYH\L FDQ EH DFKLHYHG E\ VLPSOH SRO\K\GUR[\O
FRPSRXQGV WKDW FDQ FDSWXUH WKH $, 6HYHUDO ERURQLF DFLGERURQDWH
VHTXHVWHULQJ SRO\PHUV ZHUH WHVWHG DV SRO\PHULF VFDYHQJHUV IRU FDSWXUH RI
WKHVH VPDOO PROHFXOHV WKDW PHGLDWH LQWHUFHOOXODU FRPPXQLFDWLRQ ,QGHHG
WKHUH VHHPHG WR EH VLJQLILFDQW VXSSUHVVLRQ RI WKH TXRUXP VHQVLQJ LQ WKHVH
EDFWHULDDQGZHEHOLHYHWKDWWKLVFRQWURORITXRUXPVHQVLQJE\RXUSULPLWLYH
SRO\PHULF TXRUXP TXHQFKHUV ZLOO EH DSSOLFDEOH LQ WKH YHVLFOHEDFWHULD
LQWHUDFWLRQV 8QIRUWXQDWHO\ WKH XVH RI WKHUPRUHVSRQVLYH SRO\PHUV IRU






$, WUDQVSRUWGLIIXVLRQ DPRQJ EDFWHULDO FHOOV ZLWK D SVHXGRPHWDEROLVP
WKH IRUPRVH UHDFWLRQ 7KH IRUPRVH UHDFWLRQ LV D SUHELRWLF UHDFWLRQ WKDW
SURGXFHV FDUERK\GUDWHV IURP IRUPDOGHK\GH FDWDO\]HG E\ D GLYDOHQW PHWDO
VXFKDVFDOFLXPK\GUR[LGHILJXUH7KHEHDXW\RIWKHUHDFWLRQVWHPVIURP
WKH IDFW WKDW WKH UHDFWDQWV DUH LQWULJXLQJO\ VLPSOH EXW WKH SURGXFWV DUH RI
RUJDQLF QDWXUH QRW SRVVLEOH WR EH IRXQG LQ DQ DELRWLF ZRUOG DQG KHQFH
FRQVLGHUHG DV SUHELRWLF UHDFWLRQ ,QWHUHVWLQJO\ DGGLWLRQ RI ERULF DFLG
DQRWKHU FRPSRXQG RI JUHDW DEXQGDQFH HVSHFLDOO\ LQ WKH RFHDQV LQ WKH




)LJXUH  7KH IRUPRVH UHDFWLRQ DQG LWV SURGXFWV )RUPDWLRQ RI WKH $,
XSRQDGGLWLRQRIERUDWHLQWKHUHDFWLRQPL[WXUH

,QWULJXLQJO\ WKLV HYLGHQFH PLJKW VXSSRUW WKH SHUFHSWLRQ WKDW WKH IRUPRVH



































IRXQG WR EH DFWLYH SDUWLFLSDQWV LQ WKH PROHFXODU ODQJXDJH WKDW EDFWHULD
FRPPRQO\XVH$OVRWKHIDFWWKDWWKH$,KDVEHHQIRXQGLQPRUHWKDQRQH




YHVLFOHV LQ RUGHU WR DFW DV D SVHXGRPHWDEROLVP 7KH UHDFWLRQ SURGXFWV FDQ
GLIIXVHRXWVLGHDQGHQDEOHFRPPXQLFDWLRQHYHQWVZLWKEDFWHULDOVSHFLHVWKDW
FDQXQGHUVWDQGWKLVODQJXDJHVXFKDV9KDUYH\L7KHUHIRUHWKHEDFWHULDZLOO
UHVSRQG WR WKH DUWLILFLDO VLJQDO RI WKH &+(//V DQG VZLWFK RQ WKH JHQH
H[SUHVVLRQ WULJJHUHG E\ WKH TXRUXP VHQVLQJ QHWZRUN &RQVHTXHQWO\ WKH
EDFWHULD ZLOO UHJDUG WKH &+(//V DV RQHV RI WKHLU RZQ &RQYHUVHO\
SURGXFWLRQRIEDFWHULDO$,DQGGLIIXVLRQRIWKHPLQVLGHWKH&+(//VVKRXOG
DOWHUWKHHTXLOLEULDHVWDEOLVKHGLQWKHIRUPRVHPL[WXUH,QHVVHQFHDG\QDPLF
FRPELQDWRULDO OLEUDU\ LV IRUPHG ZLWK WKH /X[3 SURWHLQ DFWLQJ DV WKH
PROHFXODU WHPSODWH WKDW ZLOO DOWHU WKH FKHPLFDO HTXLOLEULD 7KHUHIRUH
ELGLUHFWLRQDOLQIRUPDWLRQWUDQVSRUWLVHVWDEOLVKHGWKDWLPSDFWVERWKEDFWHULDO
PHWDEROLVP DQG JHQH H[SUHVVLRQ EXW DOVR WKH SVHXGRPHWDEROLF UHDFWLRQV
WDNLQJ SODFH LQVLGH WKH &+(//6 $OVR PRGXODWLRQ RI WKH TXRUXP VHQVLQJ
FRXOG EH PHGLDWHG IURP WKH SRO\PHULF ELOD\HU DV WKH VXJDU ULFK FRURQDH
VKRXOG VFDYHQJH WKH EDFWHULDO $, DV GHPRQVWUDWHG LQ FKDSWHU IRXU
$OWHUQDWLYHO\ LQFRUSRUDWLRQ RI SRO\K\GUR[\O VFDYHQJHUV LQVLGH WKH YHVLFOHV





2YHUDOO ZH IHHO ZH KDYH VHW XS D EDVLF SODWIRUP JLYLQJ XV DQ LGHD RI WKH
PHFKDQLVPVDQGWKHFRQFHSWVUHTXLUHGWRXQGHUVWDQGWKHJXLGLQJSULQFLSOHV
RI WKH DUWLILFLDO FHOOXODULW\ :H KDYH FRQVWUXFWHG PDWHULDOV WKDW FDQ VKRZ D








LV HYHQ PRUH QDWXUDO DQG WUXO\ ELGLUHFWLRQDO $OVR LQWURGXFWLRQ RI WKH
SULQFLSOH RI VHOIUHSURGXFWLRQ PXVW WDNH SODFH UHJDUGLQJ WKHVH V\QWKHWLF
YHVLFOHVLIZHZDQWWRVWDUWWKLQNLQJRISVHXGRHYROXWLRQSURFHGXUHV,GHDOO\
WKLV VKRXOG EH FRXSOHG ZLWK WKH SVHXGRPHWDEROLF UHDFWLRQV LQ RUGHU WR
DFKLHYHVRPHGHJUHHRIVHOIVXVWDLQDELOLW\

)RU WKH LPPHGLDWH IXWXUH FRPSHWLWLRQ WHVWV LQ WKH TXRUXP VHQVLQJ FRQWH[W
FDQEHFRQGXFWHGE\VLPSOHH[SHULPHQWVXWLOL]LQJWKHYHVLFOHVV\QWKHVL]HGLQ
FKDSWHU   $OVR LQFRUSRUDWLRQ RI IRUPRVH SURGXFWV RU VLPSOHU DXWRLQGXFHU
DQDORJXHV DQG WKHLU UHOHDVH IURP WKH YHVLFOHV LQ SUHVHQFH RI 9LEULR VSHFLHV
PLJKW HOXFLGDWH ZKHWKHU ZH FDQ VHW XS D ILUVW FRPPXQLFDWLRQ DUHQD ZKHUH
WKH &+(//6 DUH FDSDEOH RI DOWHULQJ WKH TXRUXP VHQVH UHVSRQVH RI WKH
EDFWHULD 7KLV ZRXOG EH D YHU\ ILUVW VWHS QRW RQO\ WRZDUGV DFKLHYLQJ D
SULPLWLYHDOEHLWVXFFHVVIXOLPLWDWLRQJDPHEXWDOVRWRUHJDUGWKHVHPDWHULDOV
DV QRYHO PLFURUHDFWRUV WKDW FRXOG SRWHQWLDOO\ SUHYHQW GLVHDVH VROHO\ E\
G\QDPLF LQWHUYHQWLRQ LQ ELRORJLFDO SURFHVVHV LQVWHDG RI OHWKDO DFWLRQ DV
FRPPRQDQWLEDFWHULDOVH[KLELW
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